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Abstract 

The pharmaceutical industry is in the middle of a major transition regarding manufacturing 

where continuous operation is a central topic. One of these operations is powder mixing, which 

could arguably be the principal process in pharmaceutical drug manufacturing. Currently, this 

operation is performed in batch mode, with limitations such as sampling methodology, unknown 

process scale-up behavior, and limitations to apply control strategies.  

Pharmaceutical companies have been working on the implementation of continuous 

processes as an alternative to batch processes using the Food and Drug Administration (FDA) 

Process Analytical Technology (PAT) initiative. However, existing continuous mixers apply high 

shear to the materials causing problems in their flow properties.  

To solve this problem, at the pharmaceutical operations laboratory of University of Puerto 

Rico at Mayaguez a low shear continuous tumble mixer was developed. This mixer is based on 

the existent batch drum mixers and does not have screws or paddles that affect the materials 

properties.  

This study focused on mixing capabilities, and the powder phenomena inside the 

continuous mixer as a function of inlet flow rate, mixer rotation speed, feeding angle, and material 

properties using experiments and Discrete Element Method (DEM) simulations.  

Experimental results demonstrated that the mixer is capable of achieving good mixing 

levels based on the relative standard deviation of the outlet concentration. The mass hold-up and 

powder behavior were affected by the material properties and the operating parameters. A map of 

material compressibility index was developed to relate the effect of the material properties and 
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operating conditions to the powder behavior inside the mixer. The regimes obtained were rolling, 

cascading, and cataracting, with the best uniformity results.  

The simulation results demonstrated that the main mixing mechanism is convection. 

Simulations also demonstrated that cohesion reduces the concentration variability due to higher 

mass hold-up, particle interactions, and mean residence time. Final blend uniformity was measured 

and a relationship with cohesion and collision frequency was found.  

Finally, a modification of the Froude number taking into account the effect of material 

properties was proposed and the flow regimes of the simulations were evaluated using this number.  
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Resumen 

La industria farmacéutica está en medio de una importante transición en relación a la 

manufactura, donde los procesos continuos son un tópico central. Una de estas operaciones es el 

mezclado de materiales particulados, que argumentalmente puede ser el proceso principal en la 

manufactura de drogas farmacéuticas. Actualmente, esta operación es realizada en procesos por 

tandas, modo que presenta algunas limitaciones, como la metodología de muestreo, procesos de 

escalamiento desconocidos y limitaciones para aplicar estrategias de control.  

Las compañías farmacéuticas han estado trabajando en la implementación de procesos 

continuos como una alternativa a los procesos por tandas usando la iniciativa PAT (Process 

Analytical Technology) de la Administración de Drogas y Alimentos, FDA por sus siglas en 

inglés. Sin embargo, los mezcladores continuos existentes aplican altos esfuerzos cortantes sobre 

el material que pueden causar problemas en sus propiedades de flujo.  

Para resolver este problema, se desarrolló en el laboratorio de operaciones farmacéuticas 

de la Universidad de Puerto Rico en Mayagüez un mezclador continuo tipo tómbola que aplica 

mínimos esfuerzos cortantes sobre el material. Este mezclador está basado en los mezcladores tipo 

tómbola por tandas y no tiene tornillos o aspas que afecten las propiedades del material. 

Este estudio se enfocó en las capacidades de mezclado y los fenómenos de flujo que 

ocurren dentro del mezclador como función del flujo de material alimentado, velocidad de 

rotación, ángulo de alimentación y propiedades del material, usando experimentos y simulaciones 

por el método de elementos discretos (DEM).  

Los resultados experimentales demostraron que el mezclador continuo tiene la capacidad 

de lograr un buen nivel de mezclado basado en la desviación estándar relativa de la concentración 
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a la salida del mezclador. La acumulación dentro del sistema y el comportamiento del material 

fueron afectados por las propiedades del material y los parámetros de operación. Un mapa del 

índice de compresibilidad fue desarrollado para relacionar el efecto de las propiedades del material 

y condiciones de operación con el comportamiento del material dentro del mezclador. Los 

regímenes de flujo obtenidos fueron rodamiento, cascada y catarata, con los mejores resultados de 

uniformidad.  

Los resultados obtenidos usando simulaciones demostraron que el principal mecanismo de 

mezclado es convección. Las simulaciones también demostraron que la cohesión reduce la 

variabilidad en concentración debido a las altas acumulaciones, el incremento en la interacción de 

las partículas y el aumento en el tiempo de residencia promedio. La uniformidad de la mezcla a la 

salida del sistema fue medida y se halló una relación con la cohesión y la frecuencia de colisiones.  

Finalmente, se propuso una modificación al número de Froude que toma en consideración 

el efecto de las propiedades del material y los regímenes de flujo de las simulaciones fueron 

evaluados usando este número.  
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Chapter 1 

1. Introduction 

The study of flow and mixing of particulate material has increased in computational and 

experimental studies in the last years especially in batch systems, due to the fact that the granular 

material mixing is a major step in diverse industries such as: cosmetics, military, food processing, 

cement, chemical, petrochemical, and pharmaceutical. This essential operation is currently 

performed principally in batch mode, which results in several problems and limitations such as: 

problems in the sampling methodology, difficulty in homogeneity determination, scale-up process, 

and limitations to apply control strategies. To reduce these difficulties and improve the 

manufacturing process, the Food and Drug Administration (FDA) is promoting the change from 

batch to continuous processes in the Pharmaceutical Companies by the implementation of an 

initiative named Process Analytical Technology.1 Continuous mixing has been applied in other 

industries,2–4 such as chemical and food companies, in powder processing, with excellent results.  

1.1. Process Analytical Technology (PAT)  

The PAT1 is a regulatory framework of the FDA to encourage the voluntary development 

and implementation of innovative pharmaceutical development, manufacturing, and quality 

assurance. Currently, pharmaceutical companies have been hesitant to make this change, due to 

some existent regulations. This hesitation has been taken into account by the FDA and another 

initiative (August 2002) named “Pharmaceutical CGMPs for the 21st Century: A Risk-Based 

Approach5” was launched to minimize and eliminate the hesitance to changes. The final idea of 

this initiative is that the pharmaceutical manufacturing and regulation accomplish a desired state 

in which the design of effective and efficient manufacturing processes ensures product quality, 

there is continuous real time quality assurance, and the use of mechanistic and scientific 
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understanding of how formulation and process factors affect product performance and the final 

product quality is applied in the selection of product and process specifications.1 This initiative is 

based on process understanding, a series of principles and tools, and a strategy for implementation. 

The tools include multivariate analysis for design, data acquisition and analysis, process analyzers, 

process control, and a continuous improvement and knowledge of management tools. One of the 

principal steps to reach these objectives is the implementation of continuous processes, due to the 

possibility to obtain in-line measurements, ensuring real time quality, and implementing control 

systems to improve efficiency and manage variability. To reach this objective, this initiative is 

promoting the change from batch to continuous processes in the pharmaceutical companies to 

improve process quality and to reduce control instabilities obtaining a more efficient process. 

Some of the research work in pharmaceutical continuous processes is using the PAT initiative as 

a base to justify the use of this mode.   

1.2. Batch Drum Mixers and Mixing Mechanisms  

Currently, most of the mixers used in the pharmaceutical industry are batch type based in 

tumble designs. This type of mixer is also utilized in other processes such as mixing, drying, and 

coating. The use of the tumbles in these processes with particulate material helps to study the 

mechanism of the granular flow. The mixing processes for particulate materials have been widely 

studied by different authors in different areas, using experiments and simulations applying 

different methods including discrete elements method.6–9 Drum or tumble mixers are the principal 

mixers described in previous works,10–12 even if there are works using different types of mixers.13–

15 These drum mixers are characterized by the folding or avalanche behavior the particulate 

material exhibits inside the vessel as it rotates. These rotating drums yield six different material 

behaviors (Figure 1.1): slipping, slumping, rolling, cascading, cataracting, and centrifuging.11,16,17 
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Several authors have mentioned a seventh behavior, denominated surging,18–20 which is situated 

between slipping and slumping. In the slipping regime, the material slides as a solid bed as the 

mixer rotates while in slumping behavior, the material on the top of the accumulation flows to the 

bottom. Rolling behavior is characterized by a flat surface. In the cascading regime, the flat surface 

disappears to produce a curve. Cataracting occurs at high rotational velocities when the material 

reaches the superior part of the mixer and falls back due to the gravitational force. Finally, in the 

centrifuging regime the material remains on the mixer walls due to the centrifugal force. 

 

Figure 1.1. Flow regimes in a drum mixer; slipping (A), slumping (B), rolling (C), cascading (D), cataracting 

(E), and centrifuging (F). 17 

The rolling regime is the most extensively studied behavior because it provides the highest 

mixing uniformity.10,17,21 Two principal zones can be identified17,22–25 and these are shown in 

Figure 1.2: the undergoing solid-body, which is the layer near the wall of the mixer (stagnant layer) 

and the active layer surface, which is the top section of the material in the mixer. Mixing primarily 

occurs in this top section.26   
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Figure 1.2. Schematic representation of the rolling regime.17 

The effects of the density, friction coefficient, surface quality, and particle geometry on the 

final uniformity of granular mixtures have been previously studied demonstrating that the use of 

these additional parameters is essential to characterize the particle flow regimes.26 Typically, the 

Froude Number (Eq. 1) is used to describe the flow regimes inside a rotary cylinder mixer, where 

R represents the radius of the drum mixer, w the rotational velocity, and g the gravitational 

force.18,27,28 

            (1.1) 

This number represents the ratio of the centrifugal to the gravitational forces in a drum 

system and does not include other factors, such as the material properties. Due to this definition, 

Aissa et al. concluded that this value must be complemented with the filling ratio, which is the 

amount of material present inside the mixer.26 To obtain a desired flow regime it is necessary to 

find the optimal combination between operational parameters and the material properties.26,29 

The mechanisms in which the mixing and de-mixing occurs were published by Donald et 

al., they identified two ways; radial and axial. Defining the radial mixing as the process when a 

particle changes from its initial path of motion to another path in the same radial plane and the 

Fr =
Rw2

g
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axial mixing as the phenomena occurring when a particle changes its path of motion in one radial 

plane to the corresponding path in an adjacent plane. Radial de-mixing is the process that takes 

place when a smaller particle is trapped in a void of the layer below and by the effect of the 

interactions with other particles flows easily between other particles with bigger size and the axial 

de-mixing occurs when the small particles have a propensity to move axially to the maximum 

velocity band.30  

The mixing of materials with identical properties such as density, shape, size, and non-

cohesive particles are considered ideal (homogeneous systems) and they do not exists in the real 

pharmaceutical process, but they are the basis to study and understand the real systems (non-

homogeneous).   

The segregation or de-mixing is a phenomenon present in mixer systems and consists in 

the separation of the particles due the movement during the handling of the material with different 

size, density, particle shape, and others. The segregation can be a desirable process in operations 

such as: particulate segregation and screening but in the majority of instances it is an undesirable 

effect.12 

1.3. Continuous Powder Mixing 

Continuous mixing processes are an alternative to batch mixing processes. Continuous 

processes have been used in different industries, such as the food, chemical, and petrochemical 

industry.31 Continuous mixers rely on high-shear convection-blades to achieve the desired mixing. 

Many studies have focused on investigating the effect of the blade rotation rate,2,4,32 blade 

design,2,32 blade configuration,31–33 mixer angle,31,32 inlet flow rate,2,4,33–35 and powder 
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properties.2,3,31,32,35 These parameters directly affect the residence time distribution of the materials 

inside the mixer and the resultant mixing uniformity.3,33,36,37 

In addition, Vanarase et al.33 found that the blend uniformity was a contribution of the 

residence time and the number of blade passes; the mixing was improved at intermediate blade 

speeds when using an alternate blade configuration. In a separate study,37 the authors used the 

residence time distribution to determine the effects of operating conditions (two feed rates) and 

the mixer configuration (two blade configurations and four blade speeds) on the mixing uniformity 

and developed a model of the output variance. The results showed that moderately low speeds 

improved the mixing and a change in the feed rate did not significantly influence the overall output 

variance. The effect of cohesion in continuous mixing has also been studied38 using two 

approaches, experimental and simulated. 

1.4. Discrete Elements Method (DEM) Simulations  

The use of DEM to simulate and understand the behavior of granular materials has been 

increasing over the last years, primarily for batch systems.6,14,39 Using computational processes it 

is possible to study the effect of the material properties in the final blend uniformity and previous 

investigations showed that the cohesion is an important parameter that affects the mixing 

processes.12,14,39 The effect of the cohesion is notable for batch and continuous processes.40 

1.4.1. Batch Drum Mixers 

DEM has been used to study the particles behavior inside the mixers or similar systems to 

obtain a better understanding of these systems.6,14,39 The principal disadvantage of this method is 

the requirement of high simulation times and computation costs to simulate particles with real 

shape and size in comparison to experiments. An option to decrease the simulation time is the use 
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of two-dimensional simulations. Xu et al.6 used DEM to simulate a quasi 2D experimental process 

demonstrating that density and particle size affect the final uniformity in the system studied. They 

also found a relationship between the rotation ratio and the flow regime obtained. Chaudhuri et 

al.14 used the DEM to study the effect of cohesion in the mixing process by comparison of the 

simulation results with experimental images of a similar system. The results obtained showed that 

mixing is influenced by material cohesion; high cohesion values produce slow mixing, and low 

particle cohesion produce a faster mixing. This effect is easy to visualize and has been shown in 

diverse studies.12,39 The dynamics of particles in the system was studied by Alexander et al.39 by 

coupling experiments and simulation results using three different cohesions: dry glass beads, wet 

glass beads, and "dry" cohesive powders showing that in both cases cohesion affects the avalanche 

phenomenon and behavior within the mixer. 

1.4.2. Continuous Powder Mixing 

Particulate material mixing processes, both batch and continuous, have also been studied 

using simulation software.6,14,39,41 This method produces results similar to the experimental 

behavior of the particulate material.42–44 A batch study of a tote blender using mono and bi-disperse 

particles in size was reported. The results show that the geometry of this system is sensitive to the 

initial loading and that the intensity and the mixing rate increase when the fill level is low.13 When 

compared to the experimental part the results show an agreement between experiments and 

simulation of mono-disperse particles.  

For continuous mixing processes of particulate material the main researches are related to 

the understanding of the effect of operational parameters like mixer speed, blade speed, shape of 

the blades, fill level, and flow rate on the final mixing uniformity. An optimal combination of these 
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parameters produces the most favorable uniformity for powder mixing processes.45,46 Higher mixer 

speed was also demonstrated as an important factor to improve the mixing performance.6 

DEM has been used to study the mixing process in a continuous paddle mixer. Sarkar et 

al.46 simulated a periodic section of a continuous mixer to study the influence of the fill level and 

impeller rotation rate. The principal results showed that the combination between low fill and high 

impeller speeds produced higher dispersion, resulting in a better mixing homogeneity; and low fill 

with low impeller rotation produced a poor mixing.  

Similar to the mixing process in batch mode the cohesion affects the continuous process 

and the effects have been studied experimentally and using simulations. Dubey et al.7 used DEM 

simulations to study the powder behavior using two different strategies: first, the entire blender 

(Gericke GCM250) and second, a periodic slice of the entire blender in which they studied the 

impact of the impeller speed, fill level, and cohesion on the mixing performance and residence 

time distribution (RTD). Sarkar et al.40 presented the influence of the inter-particle cohesion at 

various impeller speeds and different fill levels, demonstrating that the cohesion affects principally 

the axial mixing and the mixing performance for highly cohesive materials.   

Gao et al.47 proposed a periodic section model for continuous mixing based on the idea that 

this convective process is a combination of a batch-like mixing and an axial particle flow. Using 

DEM simulations and three different particle sizes (2, 3, and 4 mm) the authors investigated two 

study cases: non-segregating mixture and a case with segregation effect, finding different 

relationships that could be used to design and optimize continuous mixing processes. A second 

part of this work was performed based on the previous results. The operating conditions and their 

influence on axial velocity (Vx) and local mixing rate (Kb) of the mixture demonstrated that the 



9 

 

particles move faster and reside a shorter time inside the mixer at higher rotary speed and a lower 

fill level.45 

1.5. Batch versus Continuous Mixing Processes  

The continuous mode has several advantages compared to batch mixing, including lower 

costs, the possibility of implementing in-line analysis, the elimination of scale-up process, and the 

easy measure of uniformity at the outlet of the system.34 Also, a continuous mixer can be placed 

before the next step of the process to reduce handling and storage of the mixtures, generally 

requires less space, and are useful to mix segregating materials.  

The continuous mixing processes provide a possible alternative to the batch processes, 

solving the principal problems of the batch processes regarding the optimization of the production 

of homogeneous solid mixtures.32 Despite the desirable levels in the performance of both the batch 

and continuous mixers, both have various drawbacks in practice. Batch mixers require large 

operating areas, which increase their operational costs. Currently, used continuous mixer 

technologies use blades and screws to promote the mixing processes.48 These mixers represent a 

progress in the implementation of continuous processes but the main problem is that their 

attachments apply undesirable levels of shear to the blends that could cause attrition and over-

lubrication especially for high shear sensitive materials.  

1.6. Low Shear Continuous Tumble Mixer 

Using the batch tumble mixer knowledge it is possible to extrapolate the obtained 

information to continuous mixers, demonstrating that the powder phenomena occurring inside a 

batch tumble is similar to the behavior inside a continuous tumble mixer.49,50 Based on this 

statement, at the pharmaceutical operations laboratory of UPRM a low shear continuous tumble 
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mixer was developed for pharmaceutical blends. The continuous mixer maintains the advantages 

of continuous operation but, in contrast with the common screw mixers, does not have paddles or 

impellers, reducing the shear impact on material properties.  

This thesis work demonstrates that the continuous tumble mixer can reach the same levels 

of performance of the current batch and continuous technologies and presents the characterization 

of the continuous mixer using the same parameters used to characterize the current technologies. 

This characterization was also performed using DEM simulations to understand the effect of 

operating parameters and material properties on powder phenomena inside the continuous tumble 

mixer, and the mixing uniformity inside and at the exit of the system.  
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1.7. Objectives 

The overall objective of this research is to study the effect of the material properties, equipment 

design, operational parameters, and the powder phenomena on the final mixing uniformity, in a 

low shear continuous tumble mixer for pharmaceutical particulate materials; both experimentally 

and using DEM simulations. The following are the specific goals: 

 To determine the effect of the materials properties and operational parameters on the final 

uniformity of the blend.  

 To study the powder phenomena and the material behavior occurring inside the mixer to 

establish a relationship between these and the mixing uniformity.  

 To study the effect of the feed angle, number of orifices, and scale-up in the homogeneity 

of the mixture obtained in a continuous process. 

 To use the DEM simulations to study the material flow throughout the system, flow 

patterns and velocity profile inside the mixer, the residence time, and the behavior of the 

material inside the mixer.  

 To design experiments to validate the simulations using materials with properties similar 

to the ones used in the simulations.  

 To develop a methodology based on correlations between material properties, operations 

parameters, system’s response, and final mixing uniformity, to reduce experimental trial 

and error. 

 To modify the Froude Number to include the effect of the material properties and its effect 

on the flow regime inside the mixer.   
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Chapter 2 

2. Experimental Section 

 In this section a description of the experimental and the simulated system is presented. A 

list of materials is presented and the characterization methods used to characterize these raw 

materials and the final mixing uniformity are also described.  

2.1. Continuous Tumble Mixer Description 

2.1.1. Experimental System 

A novel continuous mixer called Continuous Tumble Mixer was developed using batch drum 

mixers as a model. Figure 2.1 includes a diagram of the system, which has an internal diameter of 

152.4 mm with multiple orifices in the radial wall. Each orifice is 4 mm in diameter and 6.35 mm 

in depth.  The depth of the mixer cylinder is 50.5 mm. The mixer is closed at both ends with one 

end connected to the shaft of a variable speed motor to control the revolutions per minute (RPM).  

The motor specifications include: 1/4HP, 90V, 2.72A, 90 Torque and 165 RPM Max.  The other 

end has a hole in the center to permit the entrance of the material. 

 
Figure 2.1. Setup of continuous tumble mixer system. 
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Figure 2.2 shows the schematic design of the mixer, which is comprised of two concentric 

cylinders that are both made of acrylic to allow the visual monitoring of the powder mixing 

behavior inside. The outer cylinder, which is shown in Figure 2.2, functions as a powder collector 

with an internal diameter of 304.8 mm and two 60° chutes to combine the powder exits in one 

smooth flow through a square aperture at the bottom of the cylinder. This design helps to improve 

the characterization of the attributes of the powder. The inner cylinder in Figure 2.2 is the 

continuous tumble mixer.  

 

Figure 2.2. Schematic front view of mixer system. 

Powders enter the mixer through a 25.4 mm internal diameter acrylic tube at an angle of 50° 

to the horizontal. The mixer rotates to allow the powder particles to slide or form an avalanche 

while simultaneously exiting through the orifices due to the centrifugal force. The mixer rotates 

counterclockwise, although the motor can be wired to rotate in the opposite direction. 

As seen in Figure 2.1, the set up includes two feeders: one is a Schenck Accurate, model 

Modpharma 2007, and the other is a Gericke, model 153.  
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2.1.2. Discrete Element Method (DEM) and the Simulated System  

A set of simulations was used to study the phenomena occurring inside the mixer and to 

obtain a better understanding of the mixing process using the EDEM Software®. This software is 

based on the Discrete Elements Model (DEM) which is a powerful tool to simulate particulate 

systems.1–3 DEM software uses Newton’s law4–6 to describe the motion of each particle (Eq. 2.1 

and 2.2) and the interaction between particles based on the initial particle characteristics.  

𝑚𝑖
𝑑𝑣𝑖

𝑑𝑡
= ∑ (𝐹𝑖𝑗 

𝑁 +  𝐹𝑖𝑗
𝑇) + 𝑚𝑖𝑔𝑗                                 (2.1) 

𝐼𝑖
𝑑𝑤𝑖

𝑑𝑡
= ∑ (𝑅𝑖 

 ∗  𝐹𝑖𝑗
𝑇) +  𝜏𝑟𝑖𝑗𝑗                                     (2.2) 

For the previous equations mi, Ri, Ii, vi, and wi represent the mass, radius, moment of inertia, 

linear velocity, and angular velocity of particle i, respectively, and the acceleration of gravity is 

represented by g. Using the information provided by this method we can obtain velocity, position, 

and interaction forces of each particle. Simulations were performed using the No-slip Hertz-

Mindlin contact model (Eq. 2.3), which is the default model included in the software program and 

it is used to solve the particle-particle interaction.7–9 

  𝐹𝑛 =  −𝑘𝑛𝛿𝑛 + 𝐶𝑛𝑣𝑛
𝑟𝑒𝑙                                       (2.3) 

In Equation 2.3 the terms kn, Cn, δn, and 𝑣𝑛
𝑟𝑒𝑙  represent spring stiffness constant, damping 

coefficient, the normal overlap, and the normal component of the relative velocity. 

In this mixing process the incoming materials interact with the powder that is already in 

the system. Points A and B in Figure 2.3 represent the place where the particles are generated 

(factories) using a flow of 0.009 Kg/h of particles 1 and 2 which are identified with colors red and 
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blue, respectively. Particle generations are placed on top of the system and these positions coincide 

with the manner in which particles are produced in the experimental system.  

The simulated system was developed using Autocad®, and has exactly the same dimensions 

of the real mixer (Figure 2.3). The system includes the mixer and two factories, where particles 1 

and 2 are produced. These particles represent the active ingredient and the excipients used in the 

mixing process. Factories in the simulated system function like the feeders in the experimental 

part. Particles produced in these factories enter the mixer by a tube using a given flow. Particle 1, 

represented by the red color is considered the active pharmaceutical ingredient (API) and is 

generated at the left of the system, similar to the experimental part where naproxen sodium is fed 

at the same position.   

 

Figure 2.3. Schematic system used in the simulations. 
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2.2. Materials 

Materials used include: (1) Naproxen Sodium (Zhejiang Tianxin Pharmaceutical Co.) with 

a median particle size of 28 µm as the API, (2) Tablettose 70 Agglomerated Monohydrate Lactose 

Ph. EUR/USP-NF/JP (Malkerei Meggle Wasserburg GmBH & Co.) with a median particle size of 

125 µm, (3) GranuLac 140 with a particle size distribution (PSD) of <100 NLT 80%, (4) Blue 

color powder coating, (5) Ligamed MF-2-K Magnesium Stearate (Peter Greven) median particle 

size < 10 µm and (6) 1 mm glass beads. 

2.3. Procedures and characterization techniques 

2.3.1. Pre-blending step 

The lactose monohydrate was pre-blended in a 22 L V-blender (Patterson-Kelly Blend 

Master Model B Lab Blender) with magnesium stearate (MgSt) to form a mixture of 1% w/w MgSt 

(to improve the flow properties of the excipients)10. Half of the monohydrate lactose was first 

added to the blender followed by the MgSt and the other half of lactose. This mixture was blended 

at 9 RPM for 6 minutes to avoid the over-lubrication of the powder.  

2.3.2. Feeders Calibration 

The pre-blend of Tablettose 70 and MgSt was placed in the Gericke feeder, while pure 

naproxen sodium was placed in the Modpharma 2007. The feeders were initially filled to 80% of 

their maximum capacity and operated in volumetric mode (the screw operated at constant speed). 

Vibration was added to the naproxen feeder. For the calibration, the feeder screw speed was set at 

a percentage of the maximum speed, and the material was collected at the feeder exit for 2 minutes, 

several times. Each sample was weighed, and the average flow rate was then estimated. This 
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procedure was repeated for several percentages (0 - 100%) to complete the flow rate calibration 

curve for each feeder with the specific material. 

2.3.3. Validation of Simulations 

To validate the simulations; mixing experiments were performed using the experimental 

system11 and 1 mm spherical glass beads. Velocity profiles and flow regime were analyzed to 

compare these results with the simulation data obtained at similar flow rate and mixer speeds. The 

results show similar behavior for both, simulation and experimental system (Figure 2.4). 

 

Figure 2.4. Simulation and validation using glass beads at 70 RPM. 

2.3.4. Particle Size Distribution 

Raw material samples (20 grams) were taken and analyzed using laser diffraction with a 

Malvern Insitec Analyzer (Malvern Instruments Model IDC2000) to determine the PSD.  Each 

sample was analyzed three times and the PSD was reported as an average value. This technique 

has been used previously to characterize particulate material and uses laser diffraction to calculate 

an average distribution assuming spherical shape of the particles.12   
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2.3.5. Powder Flow Properties 

The material flow properties were determined using an FT4 Powder Rheometer; which can 

measure the dynamic flow, shear, and bulk properties of powders and granules.13,14 The raw 

material and samples collected after experimentation were analyzed for compressibility (0-15 kPa) 

and Shear Cell (3, 6, and 9 kPa). Each test was replicated, and an average value was calculated 

and reported. 

2.3.6. UV-Vis Spectroscopy 

Calibration curves for the concentration of naproxen (Figure 2.5) and blue powder tracer 

were obtained using a Genesys 10S UV-Vis Spectrophotometer at 318 nm to determine the mixing 

uniformity and RTD, respectively. Subsequent dilutions were prepared from a stock solution, and 

their absorbance value obtained. For naproxen, concentrations from 0-30% were prepared with 

values near 2.5, 10.5, and 20%, which are the principal targets of the experiments in this study. 

Validation samples were obtained to verify the calibration curve, and the maximum error percent 

obtained was 2.36%. For the blue powder tracer, a calibration curve from 0 to 0.3 mg/ml was 

prepared, and the concentration was obtained by dissolving 500 mg of each blend sample 

(monohydrate lactose 70, MgSt, naproxen sodium and blue powder) in 100 mL volumetric flasks 

filled with distilled water. Samples of this solution were analyzed in the UV spectrometer.  
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Figure 2.5. Calibration curve for naproxen. 

2.3.7. Image Analysis   

Pictures of the phenomena occurring inside the blender were taken using a Nikon D90 

photographic camera to establish a qualitative relationship between the flow regimes and the 

mixing variability as a function of the API concentration, mixer parameters, and flow rate.   

2.3.8. Scanning Electronic Microscopy (SEM) 

Samples of lactose, magnesium stearate and naproxen sodium were analyzed in the SEM 

at magnifications from 500-3000X to observe the particulate morphology and the surface 

roughness and study the possible effects of these characteristics in the mixing process. Each sample 

was observed at different magnifications and for each selected magnification a minimum of three 

areas was observed to ensure that the characteristics are homogeneous on the surface.  

2.3.9. Tap and bulk density techniques 

The tap and bulk density techniques was used to compute the Carr’s Compressibility Index 

and Hausner ratio, which are good flow indicators. These values were also related to the final 

homogeneity results.15–17 
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𝑪𝒂𝒓𝒓 𝑰𝒏𝒅𝒆𝒙 = 𝟏𝟎𝟎 (𝟏 −  
𝝆𝒃𝒖𝒍𝒌

𝝆𝒕𝒂𝒑
)                                    (2.4) 

 

𝑯𝒂𝒖𝒔𝒏𝒆𝒓 𝑹𝒂𝒕𝒊𝒐 =  (
𝝆𝒕𝒂𝒑

𝝆𝒃𝒖𝒍𝒌
)                                               (2.5) 

 

 Carr Index values between 5 and 15% indicate excellent flow, and values higher than 25% 

indicate materials with poor flow properties. Values of the Hausner Ratio below 1.25 indicate good 

flow of the materials, while values over 1.25 represent materials with poor flow properties.16   
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Chapter 3 

Published in Journal of Powder Technology, 2014, Volume 256, Pages 188-195 

3. Continuous Tumble Mixer Experimental Characterization 

A set of experiments was performed to characterize this continuous tumbler mixer. Based 

on previous work, it was determined that the parameters that affect the mixing performance are 

the materials properties, design parameters, and operational parameters.1–4 The effect of different 

materials properties of the mixture (2.5, 10.5, and 20% of API) and operational parameters 

including five mixer speeds (10, 30, 50, 70, and 90) and three flow rates for each experiment were 

evaluated to measure their impact on the final blend uniformity. The principal responses of this 

combination of parameters are the powder phenomena inside the mixer, mean residence time, and 

relative standard deviation (RSD), which was the value used to determine the mixing uniformity 

at the exit of the mixer.  This chapter depicts the effect of these parameters and the properties of 

the raw material on the final uniformity using the continuous tumble mixer.  

3.1. Materials Characterization 

Powder behavior depends on physical properties such as particle size and particle density, 

bulk powder properties, and external conditions.5 Raw materials were characterized using the 

techniques explained in the experimental methods to obtain key properties: tap density, bulk 

density, Carr compressibility index, cohesion, and flow function. A summary of characterization 

results is shown in Table 3.1 and Figure 3.1.  
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Table 3.1. Material properties characterization 

Material 

Median 

Particle 

Size (µm) 

Bulk 

Density 

(g/cm3) 

Tap Density 

(g/cm3) 

Carr 

Index 

(CI) 

Flow 

Function 

(FFC) 

Cohesion 

Lactose 70 125 0.55 0.68 19.11 11.9 0.32 

Lactose 140 63.26 0.65 1.06 38.7 3.07 1.44 

Pre-blend 125 0.75 0.83 9.64 10.4 0.36 

API 28.8 0.41 0.54 24.07 5.01 0.91 

Blue Tracer 2.12 0.21 0.34 36.92 2.5 2.04 

Glass beads 1000 1.48 1.48 0 - - 

The key result is that the pre-blend had a low cohesion or excellent flowability based on 

the Carr index value (< 15%) compared to the high value of the API (24.07%).6,7 The 

compressibility test (Figure 3.1) was performed using the FT4 Powder Rheometer, and the results 

showed a higher compressibility for lactose 140, blue tracer, and naproxen sodium compared to 

the other materials. The compressibility of a particulate material can be related to particle size, 

flow properties, and cohesion.7 Non-cohesive powders show small changes, while cohesive ones 

show high changes in compressibility.8 Additionally, the flow function values are in accordance 

with Carr index and the cohesion material, values below 4 are considered cohesive and above 4 

are classified as free-flowing.5  
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Figure 3.1. Compressibility test results. 

The flow function, particle size, bulk density, tap density, and compressibility 

demonstrated that the excipients had better flow properties than the API. These differences 

presented a challenge because they are directly related to the cohesion. A high cohesion impacts 

the flow properties of the materials in the feeders, which directly affects the feed rate variability. 

Therefore, cohesion affects mixing processes and is also related to segregation.1,9 

The particles morphology was characterized using SEM.  Images of the particle surface for 

magnesium stearate, naproxen, and lactose, respectively are presented in Figure 3.2.  
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Figure 3.2. SEM images. MgSt at 500X (A), naproxen at 500X (B), lactose at 500X (C),                               

MgSt at 20000X (D), naproxen at 1000X (E), and lactose at 1000X (F). 

 

Using two different magnifications for the three components differences between each one 

are observed and these results are in agreement with the PSD results that show a low particle size 

for magnesium stearate and a higher particle size for lactose. These differences are a factor to 

consider because they influence the differences between physical properties (particle size, shape, 

and roughness) of the particles that affect the mixing performance of a blend10 requiring a major 

effort to reach an optimal mixing and increasing the segregation problems.11,12 

3.2. Flow behavior inside the mixer 

The first step to characterize the continuous mixer was to study the material behavior inside 

the tumble mixer as a function of the operating parameters (mixer RPM and powder flow rate) and 

the powder properties (powder flowability and cohesion). This function can provide an 

understanding of the parameters necessary to reach the optimal flow regime that will produce 

higher particle-particle interactions and provide optimal mixing. The design of experiments (DOE) 

A B C 

D E F 
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included the following: three different RPM values (30, 50, and 70), three flow rates, and three 

materials with different properties (glass beads (Figure 3.3A), lactose 70 (Figure 3.3B), and a blend 

of 70% lactose 70 and 30% lactose 140 (Figure 3.3C)).  

 

Figure 3.3. Photographs of flow regime characterization for glass beads (A), lactose 70 (B), and lactose blend 

(70% lactose 70 and 30% lactose 140) (C). 

 

Figure 3.3 illustrates the powder behavior inside the mixer at 50 RPM. The glass beads 

showed a rolling behavior (Figure 3.3A), and the lactose and lactose blend (Figures 3.3B and C, 

respectively) showed a cascading behavior based on the avalanche shape and the Froude Number 

value (0.0767).13–15 As previously explained, obtaining a rolling or cascading regime is a good 

indication of the mixing degree based on the behavior of batch mixers.15 Rolling is the flow regime 

most widely studied.14,16–18 

Figure 3.3 also demonstrates the effect of particle size and cohesion on powder phenomena. 

The use of different flow rates (60, 60, and 55 kg/h for Figures 3.3A, B, and C, respectively) was 

necessary to maintain a constant mass hold-up. Figure 3.3C shows that the blend had a smaller 

PSD and a higher cohesion value than the materials in 3.3A and B. Although the blend in 3.3C had 

a smaller particle size distribution, which could more easily fit in the exit holes of the mixer (4 

mm), its cohesion or likeliness to flow together reduced the facility to enter the exit holes and 

finally exit. This effect reduced the exit flow and thus the inlet flow to maintain a constant mass 

hold-up.  
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The same preferences to flow as a pack bed (higher cohesion) caused the difference in 

avalanche patterns, as mentioned above. This flow regime was similar in both the batch and 

continuous modes and corresponded to the flow regimes found by Aissa et al.17 In addition, Figure 

3.3A shows a recirculation zone in which the active layer and the stagnant zone can be identified. 

 The flow rate effect on the powder phenomena was also studied, and the results are shown 

in Figure 3.4. A change from the cascading to the cataracting regime was obtained as the flow 

increased (45, 75 and 82 kg/h for Figures 3.4A, B, and C, respectively) for a blend (lactose with 

1% MgSt) at 10.5% API and 70 RPM in the mixer. At a constant mixer speed, a change in flow 

rate produces an increment in the mass hold-up, which corresponds to the accumulation.  

 

Figure 3.4. Flow rate effect on powder phenomena at 70 RPM and 10.5% naproxen,                                          

at 45 (A), 75 (B), and 82 kg/h (C). 

A larger flow rate produces a larger mass hold-up to impart a larger normal force on the 

powders at the bottom of the powder bed. This larger force will push more powder to exit the 

mixer so that the exit flow matches the inlet flow. When these flows are matched, the mass hold-

up reaches steady state. Because more powder is inside the mixer, a higher force is exerted on the 

bottom powders, and the avalanche pattern changes to the obtained behavior. 

In summary, powder properties (PSD and cohesion) and operating conditions, such as the 

RPMs and inlet flow rate, must be considered to obtain the required mixing. 
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3.3. Mixing performance 

The next objective was to demonstrate the capability of the mixer to achieve the desired 

levels of mixing. The following conditions were used in the experiment: three flow rates, five RPM 

values (10, 30, 50, 70, and 90) and three naproxen concentrations (2.5, 10.5, and 20%). As 

demonstrated in the section 3.1, naproxen is a cohesive material compared to lactose and changes 

in its concentration produce changes in the flow properties of the mixture. The feeders were 

adjusted to obtain both the required API concentration and total flow rate. The samples (500 mg) 

to determine the mixing uniformity were collected every 5 sec at the end of a conveyor belt placed 

at the outlet of the system.  

The mixing performance of these experiments was further quantified using the RSD of the 

outlet concentration after the system reached steady state. For the experiments at 2.5% and 10.5% 

the steady state was selected after two minutes and for 20% after four minutes. The RSD parameter 

is included in the FDA guidancel19 for batch mixing processes and has been used to measure the 

mixing uniformity in different studies of continuous mixing processes.2,3,20 Values higher than 6% 

RSD are considered undesirable, those below 6% are considered to marginally pass, and those 

below 4% are considered to readily pass.19 Because continuous processes are not regulated, this 

batch parameter was used to monitor the continuous mixing variability and served as an indicator 

of the process feasibility. 

Figure 3.5 displays the results obtained for the experiments at the lowest (10 RPM) and 

highest (90 RPM) mixer speeds. Only two flow rates could be tested for each speed to avoid low 

accumulation inside the mixer or overflows on the side of the mixer 
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Figure 3.5. Mixing performance for 10 (A) and 90 RPM (B). 

Figure 3.5 shows the mixing performance at 10 (A) and 90 (B) RPM for two different flow 

rates. At 10 RPM, the results showed an oscillatory trend near 10.5% API with a similar RSD of 

8% (from Figure 3.7B). The major problem at this speed was the difficulty to operate the system 

between 18 to 21 kg/h. Flows below 18 kg/h resulted in a very low mass hold-up inside the mixer, 

while flow rates higher than 21 kg/h caused overflows off the side of the mixer. At 90 RPM, the 

results for 20% API showed good mixing with RSD values below 6% (from Figure 3.7C). 

However, the feasible flow rates ranged from 40 to 50 kg/h, which indicate a limited range of 

operability compared to 30, 50 and, 70 RPM. In summary, the mixer can achieve good mixing at 

both speeds, but its operability is limited, especially when the flow rate requires adjustments to 

comply with new operating conditions.   

Figures 3.6A, B, and C depict the mixing performance at 30, 50, and 70 RPM, respectively.  

The RSD at 30 RPM was higher than those at 50 and 70 RPM, as confirmed in Figure 3.7. 
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Figure 3.6. Mixing performance for 30 (A), 50 (B), and 90 RPM (C). 
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Based on these results, the 10, 30, and 90 RPM conditions were discarded, and the 

remaining experiments focused on 50 and 70 RPM, which resulted in lower RSD values.  

 

Figure 3.7. RSD values at 2.5 (A), 10.5 (B) and 20% (C) API concentration. 

The mixing performances at 50 and 70 RPM are depicted in Figures 3.6B and C for three 

levels of API concentration (2.5, 10.5, and 20%) and three different flow rates for each 

concentration. First, the results established that an increment in the API concentration (more 

cohesion) increased the time required to stabilize mixing and it is necessary to increase the mixer 

speed to reduce the variability. Second, the flow rate range used at each condition represents the 

feasible range to avoid the complete emptying of the mixer (lower flow rate) or overflow off the 

side (largest flow rate). Each flow rate range depended on the mixer speed and the cohesion of the 

material, which confirmed the results obtained in the experiments shown in Figure 3.4.  

Figure 3.7 shows that the medium and higher concentration levels (10.5 and 20% API) 

showed lower relative standard deviations in comparison to the 2.5% API concentration. A review 

of the uniformity results is shown in Table 3.2 including average concentration, standard deviation, 

and relative standard deviation where it is possible to observe that the lower standard deviations 

were obtained using the lowest concentration. Even, when this concentration produces the highest 

relative standard deviation.  

A B C 
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Table 3.2. Effect of RPM, flow rate, and target concentration on average, standard deviation, and RSD 

RPM 50 70 

Concentration 2.5% of naproxen 

Flow rate Low Medium High Low Medium High 

Average  2.5 2.6 2.4 2.6 2.5 2.5 

Standard deviation 0.3 0.3 0.3 0.5 0.3 0.4 

RSD 11.4 10.5 14.1 21.1 11.4 16.8 

Concentration 10.5% of naproxen 

Average  11.4 9.7 10.1 9.7 10.1 10.6 

Standard deviation 0.8 0.9 0.6 0.5 0.4 0.3 

RSD 7.1 9.0 5.5 5.4 4.4 2.8 

Concentration 20% of naproxen 

Average  19.1 19.3 20.9 19.6 20.3 20.5 

Standard deviation 1.8 1.2 0.8 1.1 0.7 0.7 

RSD 9.3 6.3 3.7 5.5 3.5 3.7 

 

The three concentration levels primarily differed in their cohesion and powder flowability. 

To measure the reproducibility of our system the three experiments at 10.5% and three different 

flow rates were replicated and the results are shown in Figure 3.8. 

 

 Figure 3.8.  Mixing reproducibility at 70 RPM. 
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These values demonstrated that the system has reproducibility and that the variability is 

low. At low API concentrations, the flow of powder through the orifices was higher, which reduced 

the mass hold-up and the time available for mixing (Figure 3.9). As supported by Figure 3.7, the 

continuous tumble mixer has been demonstrated capable of achieving adequate mixing when using 

the adequate flow rate and mixer velocity for low to moderate cohesive material.  

The behavior depicted in Figure 3.4 was related to the filling ratio, a parameter that has 

been related to the mixing performance17 and to some of the changes obtained in flow regimes21,22 

at constant mixer speed. The filling ratio refers to the mass of material inside the mixer (mass hold-

up) when the process reached steady state. Figure 3.9 depicts the values obtained for the 

experiments at 50 and 70 RPM and API concentrations of 2.5, 10.5, and 20%. 

In the continuous tumble mixer, the powder principally exits through the orifices at the 

bottom of the tumble as well as through the orifices in the wall. Because the orifice characteristics 

are constant, a larger force must be exerted to the powders at the entrance of the orifices to increase 

the total flow rate and consequently increase the flow through the confined space. Therefore, a 

larger mass hold-up is necessary to increase the force exerted over the powders and ensure that the 

powder flow rate equals the inlet flow rate if the material enters the tumble at a higher flow rate.  

This behavior is confirmed in Figure 3.9. 

In addition, if the cohesion of the entering material is increased at constant tumble speeds, 

a larger mass hold-up is necessary to apply a larger force on the powders at the entrance of the 

orifices to compensate for the increased tendency of the powders to flow as a pack (larger 

cohesion) and generate an exit powder flow rate equal to the inlet flow. Figure 3.9 shows that both 

tumble speeds needed larger mass hold-up values to reach the steady state as the cohesion 

increased.  
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Figure 3.9. Mass hold-up as a function of flow and API concentration. 

The combination of Figures 3.7 and 3.9 shows that the RSD decreased as the mass hold-

up increased due to higher speeds, flow rates, or cohesion. Therefore, moderately cohesive blends 

can be well mixed in the continuous tumble mixer. Smaller orifices can be used for low cohesive 

materials (easier to flow), so that a larger force will be required to obtain the required exit flow. 

This larger force will be obtained with larger mass hold-up values. 

3.4. Residence Time Distribution and Mean Residence Time (MRT)  

The residence time distribution and the mean residence time quantify the time that the 

particles remain inside the mixer interacting among each other. E(t) is sometimes referred to as the 

exit age distribution function and characterizes the time various particles spend in the mixer.23 This 

distribution and the mean residence time are related to mixing uniformity.24 In this research, 1 

gram of tracer (blue powder) was used and tracked to determine the RTD. This is a small quantity 

compared to the mass hold-up inside the system (45-180 grams) and due to the physical 

characteristics of the tracer; the flow regime inside the system was not affected by it.  
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Figure 3.10. Flow rate effect at 70 RPM on RTD. 

Figure 3.10 depicts the effect of the total feed rate on the RTD at 10.5% API and 70 RPM. 

The trend of the RTD of the continuous mixer was compared to an ideal continuous stirrer tank 

reactor (CSTR) with the same space-time using Eq. 3.1 where τ is the space-time. 

𝐸(𝑡) =
1

𝜏
𝑒−

𝑡

𝜏      (3.1) 

Figure 3.11 shows the comparison of the RTD curves of the experiment using 45 kg/h and the 

corresponding curve computed with Eq. 3.1. The RTD behavior showed a good agreement with 

an ideal CSTR model following the behavior of a linear first order process. 

 

Figure 3.11. Comparison between the ideal RTD of a CSTR and the experimental RTD. 

 

The calculated values of MRT are shown in Table 3.3 and these are relatively small; between 

3.17 and 10.54 seconds. This finding indicates that MRT values increase when concentration 

increases and decrease when RPM increases. 
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Table 3.3. Effect of mixer speed, flow rate, and concentration on mean residence time 

Concentration RPM 50 70 

2.50% 
Flow(kg/h) 45.4 54.50 62.70 45.40 75.00 81.8 

MRT 3.99 4.36 7.14 3.17 4.80 7.7 

10.50% 
Flow(kg/h) 46.1 54.50 62.90 45.40 75.00 81.80 

MRT 5.46 8.46 8.84 8.42 9.35 10.54 

Therefore, the high degree of mixing obtained was the result of the combination of the 

MRT, the high dilation caused by the speed of the tumbler, and the convective movement in the 

active zone. 

3.5. RPM, flow rate, and material properties effect on powder behavior 

Section 3.2 was further expanded with 5 additional blends that had different material 

properties. Table 3.4 describes the additional 5 blends that were passed through the continuous 

tumble mixer operating at five different RPM values (10, 30, 50, 70, and 90) and three different 

mass hold-ups (80, 100, and 120 g). The five velocities (10, 30, 50, 70, and 90) corresponded to 

Froude numbers of 0.019, 0.17, 0.48, 0.94, and 1.5, respectively. The images of the powder 

dynamics were collected during operation and analyzed to establish the type of avalanche. This 

information was then used to develop a map that relates the powder compressibility, type of 

avalanche, and RPM values. A previous investigation about flow regime used the filling ratio, 

Froude number, and drum wall friction coefficient to predict flow regime.25 Our results permit 

using an optimal combination of operational parameters, and by knowing the material properties 

predict the flow regime using the proposed maps.   
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Table 3.4. Sample composition and compressibility values 

Composition 

Sample % Compressibility Tablettose 70 GranuLac 140 

100 0 Mix 1 2.54 

97.5 2.5 Mix 2 2.65 

89.5 10.5 Mix 3 2.98 

80 20 Mix 4 4.83 

70 30 Mix 5 8.12 

Control samples 
10.5 % API 2.99 

20.0 % API 5.19 

 

 The powder compressibility of each of the five blends was obtained using the FT4 unit. 

Figures 3.12A and B depict the map of the powder behavior and compressibility values as a 

function of the RPMs for mass hold-up values of 80 and 120 g, respectively. Both maps include 

the 3 more common flow regimes found in a batch drum mixer: (1) rolling, (2) cascading, and (3) 

cataracting. Rolling was only observed for RPM values of 30 or lower, a mass hold-up of 80 g 

(Figure 3.12A), and compressibility values below 4.83. At a mass hold-up of 120 g, only the 

cascading and cataracting flow regimes are shown. The large mass hold-up results in a higher 

pressure over the bottom particles, which changes the avalanche pattern. 

 

Figure 3.12. Compressibility map at 80 g (A) and 120 g (B) Mass Hold-up. 

 



43 

 

The 10.5% naproxen blend powder showed a cascading behavior for mass hold-up values 

below 80 g. This behavior changed to a cataracting behavior at higher mass hold-up values. Only 

the cataracting regime was observed for the 20% blend. Based on the blend uniformity results, 

better mixing was obtained at 70 RPM and mass hold-up values above 120 g, which resulted in a 

cataracting pattern. Therefore, the operating conditions must be set at the continuous tumble mixer 

following the powder behavior map of Figures 3.12 to ensure a cataracting avalanche pattern. 

3.6. Conclusions 

 The continuous tumble mixer was demonstrated to provide highly uniform blends. The 

powder phenomena inside the mixer were similar to the batch counterpart and depended on the 

total flow rate, the material properties, and the operational parameters. The best mixing level was 

reached using a high powder flow rate and 70 RPM. The powder behavior map permits the 

selection of operating conditions that would establish a cataracting avalanche, which was the flow 

regime that produced the highest blend uniformity. Based on the lower MRT, a higher particle-

particle interaction was required to improve the mixing.  
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Chapter 4 

Published in AIChE Journal, 2014, DOI 10.1000/aic.14694 

4. Blend Uniformity and Powder Phenomena inside the Continuous 

Tumble Mixer using DEM Simulations 

The goals of this chapter were to understand the effect of operating parameters and 

materials properties on powder phenomena inside the continuous tumble mixer and mixing 

uniformity inside and at the exit of the system using DEM simulations. In addition, the velocity 

profiles and the flow regimes were validated experimentally. The mean residence time was 

measured to determine the system response and measure the time available for particle interaction 

and mixing.  

Figure 4.1 shows a schematic model based on the real system that was used to simulate the 

mixing process. The system includes the mixer and two factories where particles 1 and 2 are 

produced. These factories play the role of the feeders in the experimental part. 

In this mixing process the incoming material interacts with the powder that is already in 

the system. Points A and B in Figure 4.1 represent particles generation using a flow of 0.009 Kg/h 

of particles 1 and 2 which are identified with colors red and blue, respectively. Particle generations 

are placed on top of the system and these positions agree with the manner in which particles are 

fed on the experimental system.  
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Figure 4.1. Simulated continuous tumble mixer. 

The DOE includes mixer speed (50 and 70 RPM), and four different values were selected 

for the cohesion energy density. Other simulation parameters and the particle characteristics used 

in these simulations are shown in Tables 4.1 and 4.2, respectively. 

Table 4.1. Simulation parameters and reference values 

Simulation Parameters Used values Reference values 

Poison Radius 0.5 0.25-0.3 1–4 

Shear Modulus (Pa) 2.00E+06 2.00E06-3.00E08 1,2 

Coefficient of restitution 0.05 0.5-0.9 1–6 

Coefficient of static friction 0.5 0.3-0.5 2,3,6 

Coefficient of rolling friction 0.005 0.001-0.005 2–6 

Generation rate (Kg/s) 0.018 - 

 Materials properties of particulate material are affected by different characteristics, such as 

particle size distribution, particle shape, surface of the particles, density, and others. These 

characteristics produce changes in the flow properties of the powder, and these flow properties are 

reflected in the materials cohesion. Using DEM simulations it is possible to add a cohesion effect 

to the material. Several studies demonstrated the cohesion effect on the flow properties and in the 

final mixing uniformity, using simulations.7–10 
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 Table 4.2. Particle characteristics 

Mass (g) 0.00073 

Density (g/cm3) 1.4 

Standard Deviation 0.0 

Diameter (mm) 1.0 

 

The cohesion equation included in DEM software® used to add this property to the particles 

was obtained using the linear cohesion model (Eq. 4.1). Where A is the contact area (m2) and k 

represents the cohesion energy density (J/m3). This model is a modification of the default Hertz-

Mindling contact model for particle interactions and for particle geometry adding a normal 

cohesion force.  

                            F=kA                                    (4.1) 

To select the values of the cohesion energy density, a batch tumble mixer was simulated 

using different values until a change on powder behavior was observed. Figure 4.2 shows the 

results for simulations without cohesion and cohesion 2 at 50 RPM. An increment in the angle 

formed by the powder bed before sliding or avalanching was observed. This change affects the 

powder flow behavior and is caused by particle-particle and particle-wall cohesion. Based on this 

result a higher cohesion value was added to the simulations’ DOE to obtain a better understanding 

of the cohesion effect on powder flow phenomena and mixing performance.  

 

Figure 4.2. Batch mixer using cohesion 0 (A) and 2 (B) at 70 RPM. 
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The complete DOE includes four different cohesion values; at 70 RPM, 0, 10000, 20000, 

and 30000 J/m3 that were used as the cohesion energy density. At 50 RPM the highest cohesion 

value caused an overflow. The material drops through the feeding side of the mixer to the powder-

collecting zone inside the system, affecting blend uniformity and reducing the range of system 

operability at 0.018 kg/s. A similar behavior was found in the experimental part where the use of 

highly cohesive materials produced overflow inside the system at a certain flow rate. To avoid this 

effect and keep the flow rate constant the value of 30000 J/m3 was changed for 25000 J/m3 (50 

RPM simulation). For the cohesions mentioned above, the results do not demonstrated the presence 

of agglomerates or clumps.  

From now on, to identify the simulations (Table 4.3), these will be referenced with the 

mixer RPM (50 or 70) and the cohesion value (0, 1, 2, or 3). For all the simulations the particle-

particle interaction is two times the particle-wall interaction.   

Table 4.3. Particle characteristics 

Cohesion Energy Density 0 1 2 3 

Cohesion particle-wall at 50 RPM (J/m3) 0 5000 10000 12500 

Cohesion particle-wall at 70 RPM (J/m3) 0 5000 10000 15000 

Cohesion particle-particle at 50 RPM (J/m3) 0 10000 20000 25000 

Cohesion particle-particle at 70 RPM (J/m3) 0 10000 20000 30000 

 

The following variables were analyzed for the complete simulation set: concentration at 

the end of the system, mass hold-up inside the mixer, RTD, mixing uniformity inside the system, 

exits effect on final concentration, flow regimes, and velocity profiles.  
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 To measure the quantity and concentration of particles, volume selections were created in 

different places of the system. The mass hold-up and mixing uniformity at the exit, tumble exits, 

and inside the mixer were calculated using these volumes. DEM software® calculates the quantity 

of particles 1 and 2 in each selection. Using these values the concentration was calculated. Particles 

shared or overlapping two or more cells or volume selections are only counted one time, based on 

the position of its center of mass. Other methods such as Point Approximated Method (PAM) and 

Discrete Particle Method (DPM) use different forms to approach the effect of particles divided in 

different cells. PAM omits the particle shape replacing it by a point, which as in our case neglects 

the split of particles between cells. On the other hand, an analytical method based on DPM was 

developed in order to take into account the fraction of a particle that belongs to each cell in the 

accurate calculation of void fraction.11 

4.1. Mass hold-up 

Mass hold-up is an important variable in continuous processes related to mixer speed and 

flow rate.12,13 Mass hold-up was obtained from the total particle mass of a volume selection inside 

the tumble. Figure 4.3 depicts changes in mass hold-up as a function of time until the mixer reaches 

mass steady state. At 50 RPM, for the simulations with cohesion 0 and 1, the time needed to 

achieve the steady state was similar and close to 30 s, for a cohesion slightly higher (cohesion 2) 

the steady state time increases by more than 2 times, and for the highest cohesion time it increases 

by 6 times relative to cohesion 0. At the highest RPM (70) the effect of cohesion energy density 

on the steady state time was smaller and the results showed practically the same time for cohesion 

0, 1, and 2, and only showed a significant effect on steady state time for cohesion 3 that was 

comparable to the value at 50 RPM for cohesion 2.  
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Figure 4.3. Mass hold-up at 50 RPM (A) and 70 RPM (B). 

These results indicated a higher effect of normal and centrifugal forces due to the increment 

in rotational velocity, which reduces the effect of the cohesion energy density. A higher cohesion 

value was required to promote a change in powder flow regime.  

Summarizing the results in Table 4.4, it is possible to observe that for a given mixer speed, 

larger cohesion values require larger accumulation of material to achieve steady state. The results 

showed an increment in the accumulation at constant feed rate when the mixer speed decreases 

and the cohesion values increase. This is an effect of the reduction in material flowability through 

the mixer exits due to particle-particle interaction caused by the cohesion. 

Table 4.4. Cohesion effect on mass hold-up and MRT 

Cohesion 
Mass hold-up (g) MRT 

50 RPM 70 RPM 50 RPM 70 RPM 

0 52.64 46.66 4.10 4.03 

1 58.91 48.27 4.30 4.26 

2 81.27 52.18 7.83 5.13 

3 123.66 69.34 9.94 7.95 
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4.2. Mean Residence Time and Residence Time Distribution  

The residence time distribution (Eq. 4.2) and the mean residence time (Eq. 4.3) are 

responses from the system that can be affected by the mass hold-up and the flow regime14–16 and 

were used to quantify the time that the particles remained inside the mixer. The concentration of a 

tracer was tracked along time at the exit of the system using the age distribution function E(t). This 

function characterizes how much time the particles spend in the mixer.17 

𝐸(𝑡) =
𝐶(𝑡)

∫ 𝐶(𝑡)
∞

0
𝑑𝑡

                                                                (4.2) 

          𝑀𝑅𝑇 = ∫ 𝑡𝐸(𝑡) 𝑑𝑡                                                              (4.3)
∞

0
 

The residence time was measured using approximately 300 particles as a tracer during the 

mixing process. The tracer concentration was measured in 1 s intervals since the mixer reached 

the mass steady state. Results in Figure 4.4 illustrate the effect of the material cohesion on the age 

distribution function at 50 RPM. The results show a similar residence time distribution for 

cohesions 0 and 1. For the simulation with cohesion 3 the age distribution depicts a wider and 

symmetrical distribution related to better dispersion of the tracer in the powder bed inside the 

mixer. Figure 4B shows a more narrow distribution at cohesion 0 compared to the distribution at 

50 RPM that is consistent with a lower RTD. For the highest cohesion at 70 RPM and cohesion 2 

at 50 RPM the RTD values are similar, indicating that the mixer speed reduced the cohesion effect 

on the RTD which caused the tracer to take less time to leave the mixer.  
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Figure 4.4. Residence time distribution at 50 RPM (A) and 70 RPM (B). 

The MRT was calculated using Equation 4.2 and the highest values were found for the 

simulations with the highest cohesion and these results were close to 10 and 8 s for 50 and 70 

RPM, respectively. The MRT values were affected principally by the mixer speed and the particles 

cohesion.  

4.3. Velocity profile and powder phenomena 

Powder phenomena inside the mixer were initially characterized using the velocity profile 

after the mixer reached the mass steady state (feed rate equals exit flow rate). Results for the 

velocity profile at 50 RPM and 70 RPM are shown in Figure 4.5 where we can observe the effect 

of the rotational velocity and the cohesion on the mass hold-up, powder phenomena inside the 

mixer, particles movement, and the size of the active layer and the stagnant zone. Cohesion energy 

density affects the material flow behavior inside the tumbling mixer10 and represents, in certain 

manner, the addition of a cohesive API to the experiments. This effect was more noticeable for the 

simulations at 50 RPM.  
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Figure 4.5. Velocity profile at 50 RPM, with cohesion 0 (A), cohesion 1 (B) cohesion 2 (C),                              

and cohesion 3 (D), and at 70 RPM with cohesion 0 (E), cohesion 1 (F),                                                         

cohesion 2 (G), and cohesion 3 (H). 

The colors in Figure 4.5 represent the velocity of the particles; red particles have the highest 

velocity (0.20 to 0.30 m/s), followed by the green particles (0.04 to 0.20 m/s), and the blue ones 

that are the slowest particles inside the system (0 to 0.04 m/s). The materials moving inside the 

mixer were divided in three regions, the top of the powder bed was the active layer, particles in 

the center correspond to the stagnant zone, and particles near the mixer wall were the recirculation 

zone. Focusing on Figure 4.5A, the active layer included a combination of green particles when 

the particle starts falling down in the active zone, followed by a small amount of red particles 

relative to the other velocity profile at larger cohesion. The behavior changed as the cohesion 

energy density increased in Figures 4.5C and D, in which practically all the particles in the active 

layer are red (highest velocity). In addition, the size of the active layer increased due to the 

cohesion effect on mass hold-up and flow behavior. The bottom of Figure 4.5 corresponds to 70 

RPM and it is possible to observe a similar trend, with less variability in flow behavior compared 
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to 50 RPM, indicating that changes in flow behavior were more susceptible to changes in mass 

hold-up. These results show less slow particles and a higher number of faster particles for the 

simulations with cohesion obtaining an increment on the thickness of the active layer, which is the 

layer where particles move faster and where most of the mixing takes place.18–20 The highest 

velocity particles close to the exits represent the recirculation zone and the amount of particles in 

this area is directly proportional to the mass hold-up and causes a higher frequency of particle-

particle interactions and higher mean residence time values. 

To validate the velocity profile of the simulations a set of experiments with the same 

operational parameters and similar particle characteristics, except the restitution coefficient, were 

developed. Glass beads of 1 mm diameter were used to validate the simulation without cohesion 

(Figure 4.6).   

 

Figure 4.6. Simulation and validation using lactose and glass beads at 70 RPM. 

Figure 4.6 shows the results for 70 RPM show similar velocity profiles in the simulation 

without cohesion and the experiment with the glass beads. It is possible to identify the stagnant 

and the active layer based on the velocity profile and the resolution of the glass beads in the picture. 

The main difference occurs at the start and end of the sliding zone due to the higher restitution 

value of the glass beads compared to the simulation particles. The powder regime was 

characterized using the avalanche shape and the velocity profile. For the simulations, the flow 
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regimes corresponded principally to rolling and cascading, these results were different compared 

to the experimental part in which the cascading and cataracting regimes dominated the flow 

behavior.  Possible explanations are related to the particle size and the cohesion model used in the 

simulation, which only includes the contact effect between the particles and the particles and the 

wall. Based on the results in Figure 4.6 the values of the cohesion energy density used in the 

simulations do not completely represent the real cohesive material. 

Using the velocity profiles, images, and simulation videos it was possible to conclude that 

the particle trajectory and the powder phenomena inside the continuous mixer are similar to the 

behavior observed in batch tumble mixers. The flow regimes were classified as rolling (50 and 70 

RPM, cohesion 0 and 1) and cascading for the other simulations. Simulation at 50 RPM with 

cohesion 3, shows a well-defined cascading regime.20 This regime provides a higher mixing 

uniformity and is characterized by the presence of a flat surface, where it is possible to identify 

two regions: the active and the inactive layer. The particles movement in the active layer produces 

a powder dilation improving mixing performance. Also, the mechanisms occurring inside the 

mixer are similar to the mechanisms of the batch tumbling mixers previously reported in the 

literature. For these mixers, the mixing is generally based on convection in the particle flow 

direction. Diffusive mixing is considered relatively small compared to convective mixing 

mechanisms,20,21 because this only occurs when there are displacements between particles in the 

two principal layers (active and inactive). The analysis of the simulations validated the existence 

of the two well-defined layers where particles remained before leaving the mixer. 
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4.4. Mixing Uniformity 

Mixing uniformity is the principal response of the system and depends on all the parameters 

and variables discussed above. Based on Figure 4.1 it is possible to quantify the blend uniformity 

at the exit of the system, after the chute used to collect the powder of each exit point in one stream. 

In this section the blend uniformity was analyzed in each mixer exit point, and inside the mixer to 

understand the effect of powder phenomena on powder uniformity at the exits of the mixer and to 

elucidate if the design of the chute affects the final blend uniformity. 

4.4.1. Mixing Uniformity at the Exit of the System  

 For the simulations, a volume selection (Figure 4.7) was created after the chute to measure 

the quantity of particles 1 and 2 at the exit of the simulation system. The sample size was equal to 

1 gram of particles, and the concentration was calculated every second. The total mass analyzed 

was equal to 40 grams for each simulation.  

 

Figure 4.7. Sampling volume at system exit. 

With these values the mixing uniformity was calculated (Table 4.5) and plotted in Figure 

4.8, the results for the simulations are shown in Figures 9 and 10. These two plots depict the 

concentration variability as a function of time after the system reached mass steady state. This 
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variability and the deviation between the target concentration value and the calculated value are 

higher as cohesion increases, except for the simulation at 50 RPM with cohesion 3, in which the 

deviation decreases relative to the target concentration value. The RSD is the parameter used to 

measure the mixing uniformity and according to the FDA guidances for batch mixing processes, 

6% values are considered to marginally pass and those below 4% are considered to really pass.22 

RSD has been used previously, to measure mixing uniformity in continuous mixers.14,15,23 

Table 4.5. Relative standard deviation 

Cohesion 50 RPM 70 RPM 

0 2.50 2.46 

1 3.10 2.51 

2 3.55 2.79 

3 2.63 3.28 

 

The results were summarized in Table 4.5 and Figure 4.8 demonstrating good mixing with 

RSD values below 4%. These results demonstrated an increment in the RSD values as the cohesion 

energy density increases and the velocity decreases, except for the simulation at 50 RPM with 

cohesion 3. The lowest RSD was obtained for the simulation using 70 RPM without cohesion; at 

this rotational velocity the RSD values are similar to the results for slightly cohesive particles 

(cohesion 2 or lower) found at 50 RPM.  
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Figure 4.8. Effect of cohesion on final blend uniformity. 

These results indicate a better mixing capability of the system for slightly cohesive material 

at higher velocity and are in agreement with the velocity profile analysis at 70 RPM in which a 

larger active zone and faster moving particles improve mixing performance. This trend validates 

the experimental results in which a high mixing degree for the blends with 10 and 20% of API 

were found as the rotational velocity increases.   
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Figure 4.9. Mixing uniformity after the mixer reached the steady state at 50 RPM. 

 

 

Figure 4.10. Mixing uniformity after the mixer reached the steady state at 70 RPM. 

 

 

 

 



61 

 

4.4.2. Collision Frequency Effect on the Final Uniformity  

The previous mixing uniformity results showed that concentration variability decreases 

when the mixer speed increases. Results also show that the RSD increases with the cohesion, 

except for the simulation at 50 RPM and cohesion 3 for which the RSD value was lower than the 

RSD for cohesions 1 and 2. To explain this behavior the collision frequency inside the mixer for 

each simulation was calculated (Figure 4.11). A collision is defined as a complete impact between 

two particles and the frequency of collisions has previously been related to the mixing 

uniformity.24 An increment of approximately 20%, in the collision frequency relative to cohesion 

0 was obtained for the simulation at 50 RPM and cohesion 3 using the DEM software©. The 

increase in the collision frequency is explained for the change in powder phenomena inside the 

mixer showed in Figure 4.5D, using this figure it is possible to observe that the number of particles 

moving faster increases in comparison to the other simulations.   

 

Figure 4.11. Effect of cohesion parameter on collision frequency. 
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 4.4.3. Mixing Uniformity at the Exit of the Mixer  

By using simulation videos it was observed that the uniformity is the contribution of the 

material flowing by each exit and its interaction in the chute. To demonstrate the effects of the exit 

position on the final uniformity, the concentration was measured in each exit to compare it with 

the global concentration. To quantify the blend uniformity at the mixer exits, eight different 

selections with a volume of 12.6 cm3 (Figure 4.12) were created at the tumble exits to measure 

differences in concentration between each one and its contribution on the final blend uniformity.  

 

Figure 4.12. Sampling volumes inside and at the tumble exits. 

 

Measuring the concentration at each exit helps to understand the mixing dynamics inside 

the continuous tumble mixer. The results in Figure 4.13 show a concentration profile that indicates 

that the highest concentrations occur at the exits closer to the feed inlet. The values obtained in 

exits 7 and 6 indicate the possibility of a shortcut in which particles are exiting the system without 

interacting with the material that is already inside, due to the recirculation zone. The higher 

deviations in the positions closer to the feeding position at 50 RPM were lower at 70 RPM, and 

indicated that the higher velocity in the recirculation zone reduces the particle shortcut.  
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Figure 4.13. Effect of position of exits on final concentration at 70 RPM cohesion 0. 

When the cohesion was added (Figure 4.14), an inverse relationship was found between 

the cohesion and particle deviation in positions 7 and 6. For cohesions 2 and 3 the concentration 

oscillates around the target concentration indicating a reduction on particle shortcut. 
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Figure 4.14. Effect of position of exits on final concentration at 70 RPM and cohesion 3. 

In general, the concentration at each exit depicts a concentration profile in which the 

highest values occur at the bottom and the lowest correspond to the exit on the top of the powder 

bed. A reduction in the concentration deviation was observed as the material cohesion increased, 

producing a more uniform material leaving the mixer.  

4.4.4. Mixing inside the system   

Previous studies using batch tumble mixers showed that the mixing occurs principally in 

the active layer.20 Four different selections with a volume of 8.8 cm3 were developed inside the 

avalanche to study the mixing uniformity inside the system (Figure 4.12). Two volumes were 

selected in the active and inactive layer (stagnant layer) based on the particle velocity profile 

(Figure 4.5). Other two selections were created with the name of upper and bottom layer 
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corresponding to the base and top of the slide or avalanche zone, these two zones were closer to 

the exits with the higher concentration deviation.  

The first volume was the active layer and the results show that the concentration values 

were oscillating around a concentration of 40% for non-cohesive powder. For simulations at 50 

RPM the average concentration in the active zone is equal to 40.3 and 49.5% for cohesion 0 and 

3, respectively. The increment in concentration shows a trend to achieve the target value (50%) as 

cohesion increases. The second was the inactive layer (stagnant zone) with concentration values 

around 27.0 and 53.3% for cohesion 0 and 3, respectively. The upper concentrations were 41.0 

and 51.0 and the bottom ones were 43.5 and 51.8, respectively for cohesions 0 and 3. The 

variability inside the system was plotted and is shown on Figure 4.15 (cohesion 0) and Figure 4.16 

(cohesion 3) for the simulations at 50 RPM. These results show that the particle uniformity changes 

with the position inside the mixer and this behavior was similar for all simulations. 

 

Figure 4.15. Mixing uniformity inside the system at 50 RPM and cohesion 0. 

 



66 

 

 

Figure 4.16. Mixing uniformity inside the system at 50 RPM and cohesion 3. 

Summarizing, it was found that particle-particle and particle-wall interactions significantly 

reduce the shortcut, and the concentration inside the mixer was closer to 50% for cohesions 2 and 

3. Combining the results at the mixer exit points and inside the mixer, the addition of certain 

cohesion to the material promotes a better particle interaction and improves mixing uniformity.  

4.4.5. Mixing uniformity comparison at the mixer exit points and after the chute  

The use of DEM simulations demonstrated that this mixer is capable of achieving high 

mixing uniformity, and how the operation parameters and the material properties are related with 

the final blend uniformity. The addition of cohesion to the simulations has a direct impact to the 

mass hold-up increasing particles interactions due to the higher particle velocity and the size of 

the recirculation zone. The combination of effects, the mass hold-up, and the velocity profile 

promoted a higher mean residence time. These results were consistent with the experimental part 

in which the increase in material cohesion reduced the operation capability of the system at 
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constant flow rate and constant mixer speed. In this case it was required to increase the mixer speed 

or reduce the inlet flow rate.  

The blend uniformity at the exit of the system was characterized based on the parameters 

mentioned above and an increment in RSD with cohesion was found, except for the highest 

cohesion at 50 RPM in which a reduction in RSD was observed. This demonstrated that cohesion 

negatively affects blend uniformity when the flow regime is rolling, and small changes in flow 

regime (to cascading) provide a significant increment in the collisions frequency improving blend 

uniformity. This behavior was similar to the results obtained in the experimental part, in which a 

regime with higher particle-particle interactions (cascading or cataracting) was required to obtain 

good blend uniformity. The concentration was analyzed for each mixer exit point and inside the 

mixer to have a better understanding of the effect of powder phenomena on blend uniformity. The 

results in each exit point and inside the mixer demonstrated that cohesion reduces the concentration 

variability due to higher mass hold-up, particle interactions, and MRT. In addition, a closer 

concentration to the target value was found for both mixer speeds. Summarizing, these results are 

not consistent with the reduction in blend uniformity found at the exit of the system; except for 

cohesion 3 at 50 RPM. This disagreement could be related to the particle-particle interaction 

between material moving in the chute with the material leaving the mixer in each exit point (Figure 

4.12) causing an additional mixing effect. For example, at cohesion 0 the outgoing material in exits 

6 and 7 with concentrations higher than the target value (due to the shortcut) interacted with the 

material leaving the other exits, including the material with concentration below the target value. 
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4.5. Conclusions 

 Based on the previous results, we show that the continuous tumble mixer has the capacity 

to reach an optimal production with low concentration variability. The velocity profiles and the 

flow regime results demonstrated that powder behavior inside the mixer is similar to those 

observed for batch systems. These were validated using glass beads, showing a similar behavior 

based on the avalanche shape, powder phenomena, and the velocity profile inside the mixer.  

The focus of this chapter was to understand the powder phenomena and determine the 

material uniformity at the exits of the system, to find a better blend uniformity for simulations at 

70 RPM at low cohesion. For the case with the highest cohesion, the uniformity was a function of 

the mixer speed and the flow regime. The regime was the predominant effect increasing the 

cohesion frequency. The change in flow regime from rolling to cascading was a combination of 

the cohesion and the mass hold-up inside the mixer at constant mixer speed. The results 

demonstrated that the change of flow regime improved blend uniformity.  

We also observed a concentration profile at the exits of the tumble mixer, with highest and 

lowest values at the exits closer to the bottom and top of the powder bed, respectively. In addition, 

a variability reduction inside the mixer and at the system exits was found when the cohesion values 

increased. 

To improve the mixing performance, the shortcut effect (mentioned above) will be studied 

in the next chapter, using a new feeding position to force the feeding material to fall on top of the 

active layer, reducing the possibility of it leaving the system without interacting with the material 

that is already inside the mixer. 
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Chapter 5 

5. Effect of the Materials Properties and Design Parameters on the Final Blend 

Uniformity using Experimental and Simulation Results 

The main goals of this chapter were to understand the effect of cohesion, API 

concentration, and a new feed position on the final blend uniformity using experiments and 

simulations by DEM. Previous studies demonstrated that material properties1–3 and design 

parameters affect the final mixing uniformity.1,3–5 Based on the experimental design performed 

and analyzed in chapter 3, two experiments at 2.5% with the highest RSD were selected and 

replicated using a new feed position. To study the angle effect, the simulations at 50 and 70 RPM 

without cohesion (Chapter 4) were replicated using the same particle characteristics, operational 

parameters (Table 4.1 and 4.2), and using the new feed position. The complete set includes ten 

different simulations (Table 5.1), and these were developed to study the effect of the material 

properties (two different cohesion values), particle concentration (2.5, 10, and 50%), and the feed 

angle on the final blend uniformity.    

Table 5.1. Experimental design  

Simulation RPM Cohesion Angle Particle Concentration 

1 50   50.0% 

2 50  x 50.0% 

3 70   50.0% 

4 70  x 50.0% 

5 70   10.0% 

6 70  x 10.0% 

7 70 x  10.0% 

8 70 x x 10.0% 

9 70 x  2.5% 

10 70 x x 2.5% 
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 For each simulation, concentration at the end of the system, mass hold-up inside the mixer, 

RTD, mixing uniformity inside the system, effect of the exit position on final concentration, flow 

regime, and velocity profiles were analyzed.  

5.1. Experimental Section 

Figure 5.1 is a summary of the principal results for the mixing uniformity obtained in 

Chapter 3. The results show a different trend for the experiments done at concentration of 10 and 

20% compared with 2.5 %. For concentrations of 10 and 20 % the increment in the mixer speed 

improves the blend uniformity, but not for 2.5%. 

 

Figure 5.1. Review of experimental results. 

The RSD values at 2.5% suggested that other parameters are affecting the mixing 

performance. Studying in detail images and videos of some experiments, it was found that the feed 

angle impacts the position at which the incoming material interacts with the material inside the 

system. In the initial setup the material falls with an angle of 0˚ (Figures 5.2A and C) and interacts 

just with the final part of the avalanche, losing the opportunity to interact with the material in the 

active layer, which is the zone where the mixing principally occurs.6,7 Based on these results the 

feed angle was modified to study the effect of this design parameter on the final uniformity.  



73 

 

 

Figure 5.2. Feed angle position: 50 RPM (A, B) and 70 RPM (C, D). 

Figures 5.2B and D show the change of the system design for 50 and 70 RPM at 62.0 and 

45.5 Kg/h, respectively. Effects of the feed angle on the mixing variability are shown in Figure 5.3 

for 50 RPM (A) and 70 RPM (B).  

The results show a lower variability for naproxen concentration using the feed angle of 25° 

compared to the feed angle of 0°, for both experiments at 50 and 70 RPM (Figure 5.3). In terms of 

the mixer speed, 50 RPM showed a lower variability. To measure the mixing performance the 

RSD value was calculated after the system reached steady state.8 
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Figure 5.3. Feed angle effect on variability at 50 (A) and 70 RPM (B). 

The results were plotted in Figure 5.4 and the results show an RSD reduction for both 

RPM’s. The highest RSD reduction was found for the experiments at 70 RPM, with 46%. These 

results demonstrated that the position at which the inlet material interacts with the active layer is 

crucial to improve the uniformity of the blend.  

 

Figure 5.4. RSD reduction by feed angle position effect.  
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5.2. Simulation Results 

 To obtain a better understanding of the cohesion effect and the new feeding position on the 

final blend uniformity, a set of simulations was performed (Table 5.1). The complete set was 

analyzed to determine the mass hold-up, mean residence time, velocity profile, powder 

phenomena, and the mixing uniformity (inside the mixer, at the mixer exit points, and at the final 

exit). A review of the principal results is shown in Table 5.2. 

Table 5.2. Flow, Cohesion and feed angle effect on Hold-up, MRT, and RSD 

Simulation RSD (%) Hold-Up (g) MRT (s) Flow (Kg/h) 

1 2.50 52.64 4.10 64.8 

2 3.14 51.09 4.20 64.8 

3 2.46 46.66 4.03 64.8 

4 3.43 45.40 4.46 64.8 

5 6.60 67.35 2.99 72.8 

6 7.78 56.56 3.23 72.8 

7 8.24 67.33 3.57 72.8 

8 7.53 56.58 3.50 72.8 

9 16.60 67.12 4.54 72.8 

10 13.35 56.61 5.24 72.8 

From now on, to identify the simulations these will be referenced with numbers from 1 to 

10 based on Table 5.1.  

5.2.1. Mass Hold-up 

The mass hold-up inside the mixer at steady state is an important variable that is related to 

the mixer design, material properties, and operation parameters such as the mixer speed and flow 

rate.9–11 The mass hold-up was calculated using the same procedure explained in Chapter 4, section 

4.1. An example of the change of the accumulation as a function of time is shown in Figure 5.5.  
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Figure 5.5. Mass hold-up as a function of time at 70 RPM and 2.5 (A) and 10% (B) concentration. 

At 50 RPM the mass hold-up inside the mixer was higher compared to 70 RPM (Simulations 

1-4). This effect is a result of the increment in the centrifugal force, which increases the flow of 

the material through the exits of the mixer. The use of the new feeding position produces a higher 

normal force over a larger particle area compared to the normal feeding position, reducing the 

material accumulation. This effect was more noticeable for the case of 2.5 and 10.0% of API. The 

addition of cohesion for particle 1 at 2.5 and 10% concentration did not produce significant 

changes on the mass hold-up. 

5.2.2. Residence Time Distribution and Mean Residence Time  

The residence time distribution and the mean residence time were calculated using the same 

procedure explained in section 4.2. These times are a response from the system to the changes in 

material properties and operation parameters, and are useful to quantify the time that the particles 

remain inside the mixer.12 This time is related to mixing uniformity.13 

Figure 5.6 depicts the effect of the feeding angle on the residence time distribution at 70 

RPM for concentrations of 2.5 (Figure 5.6A) and 10% of API with and without cohesion (Figures 

5.6B and C). All three figures are similar and show a slightly broad distribution and a lower dead 
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time for the feeding angle case relative to the normal feeding position. This change in E(t) produces 

an increment in the time available for interaction before the particles leave the system. This result 

was more relevant for the simulation at 10%, in which the addition of the feeding angle increases 

the mean residence time by approximately 10% even when the mass hold-up decreases by 16%. 

These results were similar for the simulations at 2.5% (Table 5.2). Both effects, mass hold-up and 

MRT are directly related to the blend uniformity and will be discussed in the following sections. 

 

Figure 5.6. Residence time distribution at 70 RPM and 2.5 (A), 10% (B), 10% of API                              

without cohesion (C). 

The results demonstrated that the new position affects the position where the feeding 

material interacts with the avalanche inside the system, causing a mass hold-up reduction. This 

result is similar to the one found in the literature where the operational parameters are related to 

the residence time distribution.14 With an angle of 0°, the material falls at the end of the avalanche 

and close to the exits, while with the angle of 25° the material falls in the middle of the avalanche 

increasing the possibility to interact with the material inside the avalanche. This effect was 

noticeable for all the simulations except for the simulations at 10% with cohesion, however values 

where similar with a difference of 0.07 seconds. For this simulation it is important to analyze the 

synergy of mean residence time and the mass hold-up to understand the impact on blend 

uniformity. 
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 Based on these results the effect of cohesion, RPM, flow rate, mass hold-up, and feed angle 

on the MRT were analyzed. These changes are an effect of the combination of all these factors. To 

establish a direct relationship that can be used in all the simulations a new value was calculated. 

This value was named Interaction Time, which is the ratio between MRT and mass hold-up. The 

results for these values are shown in Table 5.3 where it is possible to observe an increment on this 

ratio when the feed angle of 25° was used.  

Table 5.3. Interaction time values 

Simulation 
MRT 

(sec) 

Mass Hold-Up 

(g) 

Interaction Time 

(sec/g) 

1 4.10 52.64 0.078 

2 4.20 51.09 0.082 

3 4.03 46.66 0.086 

4 4.46 45.40 0.098 

5 2.99 67.35 0.044 

6 3.23 56.56 0.057 

7 3.57 67.33 0.053 

8 3.5 56.58 0.062 

9 4.54 67.12 0.068 

10 5.24 56.61 0.093 

Mass hold-up is a response of the system to the material properties and mixer operational 

parameters, and is related to the mean residence time of the particles used as a tracer. This 

residence time is also affected by material properties, operational and design parameters, which 

helps to conclude that the changes on these values are the results of different components. The 

uses of the interaction time demonstrated that there exists a proportional relationship between all 

the factors affecting the mass hold-up and the MRT.    
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5.2.3. Velocity profile and powder phenomena inside the mixer  

After the system reached the steady state an image of each simulation was obtained with 

the particles colored based on their velocity. Figure 5.7 illustrates a picture of the last eight 

simulations in accordance with Table 5.1. 

 

Figure 5.7. Velocity profiles numbered according to Table 5.1. 

In these figures the red particles are the faster ones (0.20 to 0.30 m/s) and the blue ones 

represent the particles with the lowest velocity (0 to 0.06 m/s), while the particles with the 

intermediate velocity are colored in green (0.06 to 0.20 m/s). These pictures also show the effect 

of the RPM and the feed position on the active and inactive layer, and the distribution of the faster 

and slower particles inside the avalanche. As previously mentioned the mass hold-up inside the 

mixer and the proportion of slow particles decrease with the addition of the new feed position. 

Table 5.4 summarizes the percentage of slow particles and the average velocity of the particles 

inside the mixer for the whole simulation set. The results demonstrate that the feed position reduces 

by 5% the amount of slow particles (from 35 to 30%) for the simulation at 10% without cohesion 
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and 7% for simulations with cohesion at 2.5 and 10%. This reduction in the quantity of slow 

particles was consistent with the increment in the average particle velocity in more than 10% for 

simulations of concentrations of 2.5 and 10%. The behavior was different for the simulations 

corresponding to concentration of 50% at 50 and 70 RPM, showing a minimal reduction in the 

slow particles (1%) and in the average particle velocity. 

 

Table 5.4. Proportion of faster particles 

Simulation RPM 
Concentration 

(%) 
Cohesion Angle 

Slow Particles 

(%) 

Velocity 

(m/s) 

1 50 50   48.58 0.131 

2 50 50  x 47.49 0.125 

3 70 50   36.43 0.164 

4 70 50  x 34.67 0.166 

5 70 10   34.97 0.152 

6 70 10  x 29.98 0.176 

7 70 10 x  36.78 0.153 

8 70 10 x x 29.01 0.178 

9 70 2.5 x  35.94 0.152 

10 70 2.5 x x 29.17 0.177 

The cohesion and the feed angle did not cause an effect on the flow regime, under the 

conditions used in this chapter, since all the avalanches inside the system were classified as 

rolling.6 

5.3. Mixing Uniformity using DEM simulations 

The principal response of the system is the mixing uniformity at the end of the system 

(chute). Based on the mixer design and in the pictures of the simulations, this final uniformity is 

affected by the material properties, design, and operational parameters. The material properties 

affect the behavior of the material inside the mixer and the material flowing through the tumble 

orifices. Based on this information the mixing uniformity was measured in four different positions 
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inside the mixer (active, inactive, upper, and bottom layer), at each exit (exits 0 to 7) of the tumble, 

and at the final exit of the system (Figure 4.12). Mixing uniformity was measured using RSD, 

which is a parameter used for continuous processes.4,14,15  

5.3.1. Mixing inside the system   

The degree of mixing inside the continuous tumble mixer is crucial to obtain the highest 

blend uniformity at the exit of the system. This final uniformity is a contribution of the material 

behavior inside the tumble, the exit points, and the combination of these exit points in a chute 

located before the final exit of the system. The goal of this section is to understand the effect of 

the material properties, design, and operational parameters on the powder phenomena and blend 

uniformity inside the mixer. As mentioned before, four different volumes were analyzed. The first 

one, was the active layer, which is the region where most of the mixing occurs.6,7 The second one 

was selected in the inactive layer, which is the place bellow the active zone where the particles 

have the lowest velocity. The last two selections (third and fourth zones) correspond to the upper 

and the bottom of the powder bed. Figures 5.8 and 5.9 show the simulation results for the different 

layers mentioned before, for concentrations of 2.5 and 10% of API with cohesion.  

 
Figure 5.8. Mixing uniformity inside at 70 RPM and 2.5% API with an angle of 0° (A)                                                        

and with an angle of 25° (B). 
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Figure 5.9. Mixing uniformity inside the mixer at 70 RPM and 10% API with an angle of 0° (A)                                                        

and with an angle of 25° (B). 

For the simulations corresponding to concentrations of 2.5 and 10% of concentration with 

cohesion it is possible to observe the effect of the feed position on the uniformity inside the mixer. 

For the simulation at 2.5%, with an angle of 0° the results oscillate between 1.0% and 2.4%. On 

the other hand, the simulation using the new feed position shows concentrations oscillating 

between 2.20 and 3.0%, which is closer to the desired value. While at 10% (Figure 5.9) with an 

angle of 0°, the concentration fluctuates between 5.0 and 8.2%, and using a feed angle of 25° the 

values oscillate between 10.0 and 11.5% of concentration. This trend was also found in the 

simulations without cohesion at 50% concentration. Based on these results it was possible to 

conclude that the feed position improves the particle uniformity inside the mixer, and this position 

was related to the changes in the velocity profile due to the reduction in the slow particles 

proportion and in the higher average velocity. 

5.3.2. Mixing Uniformity at the Exits of the Mixer 

The second factor that impacts the final uniformity is the contribution of the particles 

flowing through the tumble exits and the interaction of the material in the chute. This effect was 

studied measuring the concentration of particle 1 as a function of time at each exit of the tumble 
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mixer and calculating the average concentration. These measurements help us to understand the 

mixing dynamics. The results shown in Figure 5.10A for the simulation at 70 RPM, 50% of 

concentration, with angles of 0° and 25°, show a concentration profile where the higher 

concentrations are at the exits closer to the feed inlet (Exits 5 to 7).  

 

Figure 5.10. Mixing uniformity at the tumble exits at 70 RPM and 50% without cohesion (A), and 2.5 and 

10% API (B). 

These trends confirm the results presented in section 4.4.3 about the possibility of a 

shortcut, where the feed material leaves the system without interacting with the material that is 

already inside the tumble, and demonstrated that the feed angle reduces the powder shortcut. In 

general the deviation of the exits concentration was lower for simulations with the feed angle and 

were consistent with a better uniformity inside the mixer. This behavior was similar to the results 

at 2.5 and 10% of concentration (Figure 5.10B). For the highest concentration the changes in the 

feed position produce a more significant effect. Summarizing, it was found that the feed position 

impacts the concentration in each exit point except for the lower exit (exit 7).  
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5.3.3. Mixing Uniformity at the Exit of the System  

Finally, the uniformity outside the system is the contribution of the mixing phenomena 

inside the continuous mixer, the concentration profile in each exit point, and the particle interaction 

between each exit point in the chute and the flow in the chute. Blend uniformity was measured 

following the methodology presented in section 4.4.1. The concentration values show a small 

reduction in variability when feed angle of 25° was used (Figure 5.11). The effect of the angle was 

less noticeable at the exit of the system compared to the reduction in variability inside the mixer 

and in the exit points. These results suggest the possibility that the particle uniformity was affected 

by the flow through the chute causing additional mixing for low cohesive blend. 

 

Figure 5.11. Final mixing uniformity at 70 RPM and 50% without cohesion (A),                                              

and 2.5 and 10% API (B) with cohesion. 

Similar to chapter 4, RSD was used to report uniformity degree of the simulations, because 

this is the parameter used according to the FDA guidance.8 The obtained results are shown in Table 

5.2. Figure 5.11 depicts the concentration variability as a function of time after the system reached 

the steady state, for the simulations at 70 RPM, concentrations of 2.5, 10, and 50% of API, and 

cohesion. The RSD values oscillate between 2.59 and 16.6%. The highest mixing uniformity was 

obtained for the simulation at 70 RPM, with the angle of 0°, and using a concentration of 2.5%. 

When this result is compared to 50 RPM it is possible to conclude that the mixer speed produces 
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a positive effect on the final uniformity. For these four simulations (1-4) the effect of the angle of 

25° does not have a significant effect on the final blend uniformity.  

Based on these results, it is possible to observe that the uniformity decreases when the 

particle concentration decreases (Table 5.2). When comparing these results to the experimental 

part, the behavior was similar. In the experimental part, the lower mixing uniformities were found 

using the lower concentrations (Figure 5.1). The major differences between the experimental and 

the simulation results were related to the changes in the flow regimes. For all the simulations the 

flow regime was rolling and for the experiments the most predominant flow regime was cascade 

or cataracting. Previous results demonstrated a higher particle-particle interaction and better blend 

uniformity for the cataracting regime. The angle of 25° only caused a positive effect on the 

simulation with the highest RSD and the lowest concentration suggesting that the feed position is 

effective to improve the uniformity of the mixing process using low concentration.  

5.4. Conclusions  

A summary of the experimental results demonstrated that the blend uniformity was higher 

for the lowest concentration and that the effect of the mixer speed was different, relative to the 

higher concentrations (10.5 and 20%). The implementation of a higher feed angle in the system 

design demonstrated that the position at which the inlet material interacts with the active layer was 

crucial to reduce in approximately 46% the RSD values for the experiments and 20% for 

simulations with cohesion, improving the blend uniformity. This result was more significant for 

the blends with lower concentrations. Simulations demonstrated that the feed position promotes 

better particle interaction and enhances the uniformity inside the mixer, obtaining less variability 

in the mixer exits. 
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Chapter 6 

6. Correlations for Material Properties and Mixing Uniformity   

 The principal studies related to continuous mixing processes have been focused on two 

areas: the first one includes the application and validation of theoretical developments and the 

second one the characterization and understanding of the performance of continuous mixers to find 

useful patterns.1 Simulations are useful tools that help reduce experimental work and optimize 

operating conditions, and reduce laboratory time. They have proven to be a useful tool to study 

powder behavior providing a better understanding of these complex systems. The principal 

disadvantage in this area is that currently there are no equations to completely explain the powder 

behavior.2 For instance, when compared to fluid mixing, powder phenomena are not well 

understood due to the complex behavior of these systems.3 

Powder mixing uniformity is principally affected by material properties, operational 

parameters, and equipment design.4–7 Without a model to predict the mixture uniformity the only 

solution is to try different conditions until an optimal combination that produces good mixing is 

found. Material properties are affected by particle size, particle shape, density, particle surface, 

API concentration, and others.8,9 Operational parameters include mixer speed and flow rate, and 

the equipment design variation for this research was the feeding position.  

For the experimental characterization of the continuous tumble mixer the following factors 

that affect final mixing uniformity were identified: mixer speed, flow rate, and material properties. 

Its characterization included five mixer speeds (10, 30, 50, 70, and 90), three API concentrations 

(2.5, 10.5, and 20%), and three different flow rates for each API concentration. Using these 
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experimental data an optimal operational range was found, where the mixer reached good mixing 

uniformity based on the FDA guidance10 (Chapter 3). Using simulations, this number of 

experiments can be reduced. For the continuous tumble mixer a set of simulations was performed 

using 50 and 70 RPM as mixer speeds and four different material properties. A review of the 

principal results is shown in Table 6.1.  

Table 6.1. Review of the simulation results 

Cohesion Energy Density 

(J/m3) 
MRT (Sec) Hold-Up (g)  RSD (%) 

50 70 50 70 50 70  50 70 

0 0 4.1 4.03 52.64 46.66  2.5 2.46 

10,000 10,000 4.3 4.26 58.91 48.27  3.1 2.51 

20,000 20,000 7.83 5.13 81.27 52.18  3.55 2.79 

25,000 30,000 9.94 7.95 123.66 69.34  2.63 3.28 

 

6.1. Relation between final uniformity and collision number  

As mentioned in chapter 4, the results for the simulations of the continuous mixer show a 

proportional relationship between the material property (cohesion energy density) and the final 

uniformity; except for the last point at 50 RPM where the RSD value was lower compared to the 

second and third simulations (Figure 6.1).   
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Figure 6.1. Effect of cohesion on final blend uniformity. 

The number of collisions is related to the mixing uniformity.11 Using DEM Software this 

number was calculated and the values were plotted against the cohesion energy density (Figure 

6.2). Similar to the previous figure the simulation at 50 RPM and the highest cohesion energy 

density does not follow the same trend. Analysis of the images of each simulation was used to 

explain this behavior, the change in the powder phenomena inside the mixer for this last simulation 

showed a well-defined cascading regime, instead of rolling regime, which was the behavior 

obtained for the simulations at 50 RPM and lower cohesion energy densities (0 and 1). The 

principal difference between these two regimes is that rolling shows a flat and stable surface, while 

in the cascading regime the surface is curved and shows an expansion, forming a dilated layer.12–

14 Additionally, using these images it was possible to observe an increment in the proportion of 

particles moving faster compared to the other simulations, therefore the number of collisions 

increases.15 
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Figure 6.2. Material properties vs RSD. 

6.2. Correlations between cohesion, mass hold-up, and MRT at constant flow 

 Using the values from Table 6.1 two principal correlations were found. Figure 6.3 shows a 

nonlinear relationship between the material property (cohesion) and the mass hold-up inside the 

mixer. Figure 6.4 shows a linear relation between mean residence time and the mass hold-up. Both 

correlations were made without using the last point at 50 RPM due to the difference in flow regime 

inside the system. Previous studies have shown a relationship between material properties, mass 

hold-up, and MRT.5,7,16 
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Figure 6.3. Effect of cohesion on mass hold-up. 

 

 

Figure 6.4. Effect of cohesion on MRT. 
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6.3. Correlation between mass hold-up and collision frequency 

 After the system reached the steady state, the mass hold-up was quantified and at the same 

time the collision number was calculated. The collision frequency was divided by the mass hold-

up and this value was plotted as shown in Figure 6.5.  

The results show two linear correlations for 50 and 70 RPM with R-squared values of 

0.9999 and 0.9002, respectively. Using the previous correlations it is possible to predict the mass 

hold-up based on the material property (cohesion energy density) and with this value and the new 

correlations the collision number can be obtained. As previously mentioned the collision number 

is a parameter related to the mixing uniformity.  

 

Figure 6.5. Effect of cohesion on mass hold-up. 
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6.4. RSD Predictions  

 The relative standard deviation is the measurement of uniformity used in this study 

to report the mixing degree of a particulate mixture. The first step was to determine a relation 

between the material properties, collision frequency, and MRT to plot them versus relative 

standard deviation (Figure 6.6). MRT quantifies the time that a group of particles remains inside 

the mixer at steady state and its related to the final mixing homogeneity.17,18 

Material properties are represented by the cohesion, while collisions frequency, and MRT 

were calculated after the system reached the steady state. After evaluating different options a linear 

relationship was found with coefficients of determination (R2) of 0.9183 and 0.9916 for 50 and 70 

RPM, respectively. 

 

Figure 6.6. RSD2 predictions. 
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6.5. Validation of the proposed correlations  

A new simulation was performed and the mass hold-up, MRT, and RSD were predicted 

using the previous correlations and the error percents were calculated using the predicted and the 

obtained values. The flow rate was maintained constant, the cohesion energy density was equal to 

25,000 and the mixer speed was equal to 70 RPM. The results show that the simulation using a 

cohesion value equal to 25,000 maintains the same behavior with a 6.17% of error (Table 6.2).  

Table 6.2. Validation results of simulation at 70 RPM with cohesion 2.5 

70 RPM-Cohesion 2.5-Validation 

Responses Real  Predicted Error 

Mass Hold-Up 57.70 62.21 7.81 

MRT 7.78 6.73 13.50 

RSD 3.08 2.89 6.17 

These correlations provide an a priori understanding useful to establish initial conditions 

that can be related to a final mixing degree and establish a methodology that can be implemented 

in mixing continuous processes reducing the number of experiments needed. A review of the 

procedure for the continuous tumble mixer is show in Figure 6.7. 
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Figure 6.7. Review of the procedure used to estimate an optimal operational range. 

This methodology will be useful to define the Design Space of a mixing process, which is 

defined according to FDA as the relationship between the process inputs (such as: material 

properties and process parameters) and the critical quality attributes.19 For this research case, the 

final mixing uniformity is the critical quality attribute, because inadequate mixing in the 

pharmaceutical industry may result in rejection of the final product. Following FDA guidelines 
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about space design, the correct strategy based on an empirical approach includes: selection of 

experimental design, conducting experiments, analysis of the data, and definition of the design 

space.   

6.6. Methodology to estimate an optimal operation range for continuous mixing  

Using DEM simulations it was possible to develop an experimental design to evaluate the 

effect of material property (cohesion energy density) and operational parameters (mixer speed) in 

the mixing uniformity. Results demonstrate that both affect the final blend uniformity, and a 

relationship between uniformity and collision number was demonstrated. These simulations 

provide useful information to reduce the experimental part and minimize the process of trial and 

error necessary to find the optimal operating conditions.  

Experimental and simulation results demonstrate that the cohesion energy density produces 

an increment in the mass hold-up and MRT of the material inside the mixer, at constant mixer 

speed. Also, a relationship between cohesion energy density, MRT, and collision frequency was 

established with the squared RSD. 

Using the information obtained from the simulations, a general procedure to understand 

the behavior of a mixer and the effect of the material properties in the final uniformity was 

developed (Figure 6.8). This procedure can be extrapolated to experimental systems given that the 

behavior and correlations presented above are similar to the simulations.  
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Figure 6.8. Flowchart of the methodology proposed to reduce experimental part. 

6.7. Conclusions  

The main goal of this chapter was to establish correlations between material properties, 

operational parameters, and mixing uniformity based on the relative standard deviation. Using 

DEM simulations a quadratic relationship between cohesion energy density and mass hold-up was 

found, this accumulation was related to MRT with a linear correlation, and using a relationship 

between cohesion energy density, collision frequency, and MRT vs RSD2 another linear 
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relationship was found. Proposed correlations were validated using a new simulation at 70 RPM 

and a cohesion energy density of 25,000 J/m3 obtaining a percent of error close to 6%.  

Following the procedure used for the simulations a methodology was proposed to minimize 

trial and error during the experimental study. This methodology consists on the identification of 

material properties, operational, and equipment parameters that affect the final uniformity. For the 

continuous tumble mixer, mixer speeds, and material properties were the main factors affecting 

the final mixing uniformity.20 After running the DOE the effect of cohesion energy density on final 

uniformity was depicted and the behavior of the system in an operational range was established.  
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Chapter 7 

7. Modified Froude Number (Frmf) based on Simulation Results 

The main goal of mixing processes is to obtain a uniform mixture. For particulate materials, 

the probability to produce mixtures with the desired quality is small. When all the components are 

uniform in relation to the whole material, a particulate system is called uniform. In a drum mixer 

the uniformity has been related to the flow regime occurring during the mixing process. To 

describe the behavior inside a drum mixer, six different flow regimes have been identified.1–3 The 

Froude number (Eq. 1.1) has typically been used to describe the flow regimes and the transitions 

between these behaviors1,4,5 and represents the relation between gravitational and centrifugal 

forces. When Fr=1, gravitational and centripetal forces balance each other, at these conditions the 

critical velocity (wc) is reached6 (Eq. 7.1). Froude numbers higher than 1 represent centrifugal 

behaviors.1 

𝑤𝑐 = √
𝑔

𝑅
                                                                   (7.1) 

The rolling regime has been used for mixing in the industry.7 Rolling provides a higher 

mixing degree and this flow regime is divided in two different layers, stagnant, or inactive, and 

active which is the layer where the mixing principally occurs.7,8 In this layer, the particles move 

rapidly causing material expansion, which enhances the possibility of the particles to exchange 

positions producing a uniform mixing. Segregation can occur in a similar way. In the stagnant 

layer, expansion is not occurring and the particles are in a compacted mode. Cascading tumbling 

(slumping, rolling, and cascading) depends on RPM and particle size of the material inside the 

mixer. Mellman et al. demonstrated that rolling occurs with loadings greater than 10%.1 Aissa et 
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al. demonstrated that the Froude number alone cannot describe powder behavior and that an 

optimal filling ratio is necessary to achieve rolling regime.4 Mellman et al. also demonstrated that 

the Froude number depends on filling ratio, with optimal values between 17 and 43%. However, 

this range depends on the material properties.1,9 To avoid this disadvantage of the Fr number, a 

modification was proposed on the basis of the Mohr-Coulumb failure criterion and using the angle 

of repose and the fill fraction6 (Eq. 7.2). 

𝑤𝑐 =  √
𝑔

𝑅𝑠𝑖𝑛𝛽𝑠√1−𝜃
                                                        (7.2) 

Where g, R, βs, and ϴ represent gravitational force, mixer radius, angle of repose, and fill 

level, respectively. Angle of repose measures the inclination of the free surface to the horizontal 

of a bulk solid pile.10 It is a measurement of the material flow properties, and is affected by density, 

shape, humidity, coefficient of friction, and other variables.11–13 Using DEM simulations the angle 

of repose can be calculated, but it is limited by the circular shape of particles which causes them 

to roll and prevents the formation of the pile.14 However, the dynamic angle of repose can be 

measured easily from simulations. This dynamic angle is defined as the angle formed by the 

inclined surface of powder material with the horizontal when it rotates in a drum.15 For this 

analysis, the dynamic angle is used in the continuous tumble mixer. Based on this information a 

modified Fr number was proposed using the dynamic angle of repose (α), to include the material 

properties in this value. Including α in equation 7.2, making equation 7.2 equal to equation 7.1 and 

solving for g/R and substituting on equation 1.1  the proposed Frmf number is as follows: 

𝐹𝑟𝑚𝑓 =
𝑅𝑤2

𝑔
(𝑠𝑖𝑛𝛼(√1 − 𝜃))                                              (7.3) 

Where R, w, g, α, and ϴ represent the radius of the tumble mixer, angular velocity, gravity, 

dynamic angle of repose, and fill fraction. To evaluate the proposed Froude number, an 
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experimental design using a batch tumble mixer was developed and included mass hold-up (40, 

80, 120, and 160g), cohesion energy density (0, 20000, and 30000 J/m3), and mixer speeds (30, 

50, 70, and 90 RPM). Figure 7.1 shows the effects of these inputs on the shape of the avalanche at 

90 RPM. Figures for mixers speed 30, 50, and 70 RPM are presented on Appendix A. 

 

Figure 7.1. Effect of cohesion and mass hold-up on the shape of the avalanche at 90 RPM. 

Flow regime was classified inside the mixer based on the avalanche shape (Table 7.1) and 

the Froude number was calculated using the conventional form (Eq. 7.1), which corresponds to 

0.173, 0.482, 0.944, and 1.56 for 30, 50, 70, and 90 RPM, respectively. Rolling regime was 

selected when the surface of the avalanche was flat, cascading when the surface changed to a 

curved form, and cataracting was distinguished because particles are separated of the avalanche 

during a short period of time.  
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Table 7.1. Visual classification of the flow regime inside the tumble mixer 

Cohesion Hold-up 
Visual behavior 

30 RPM 50 RPM 70 RPM 90 RPM 

Cohesion 0 

40 Rolling Rolling Cascading Cascading 

80 Rolling Rolling Cascading Cascading 

120 Rolling Cascading Cascading Cataracting 

160 Rolling Cascading Cascading Cataracting 

Cohesion 2 

40 Rolling Rolling Cascading Cataracting 

80 Rolling Cascading Cascading Cataracting 

120 Rolling Cascading Cascading Cataracting 

160 Rolling Cascading Cascading Cataracting 

Cohesion 3 

40 Rolling Rolling Cascading Cataracting 

80 Rolling Cascading Cascading Cataracting 

120 Rolling Cascading Cascading Cataracting 

160 Rolling Cascading Cascading Cataracting 

The dynamic angle of repose was measured in the surface of the avalanche, where the 

highest material angle was formed (Figure 7.2) and the fill fraction was calculated measuring the 

area occupied by the particles inside the mixer. Results are shown in Table 7.2.  

 

Figure 7.2. Measurement of dynamic angle of repose. 
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Results demonstrated that the material properties, mass hold-up, and mixer speed affect 

this angle, producing changes in its value. Increases in cohesion, mass hold-up, and mixer speed 

produce an increment in the dynamic angle of repose. 

Table 7.2. Modified Fr number values 

Cohesion Hold-up 
Modified Froude Number 

30 RPM 50 RPM 70 RPM 90 RPM 

Cohesion 0 

40 0.071 0.235 0.457 0.670 

80 0.076 0.229 0.455 0.801 

120 0.083 0.271 0.549 0.971 

160 0.082 0.280 0.616 1.076 

Cohesion 2 

40 0.085 0.280 0.585 1.031 

80 0.089 0.312 0.653 1.155 

120 0.086 0.298 0.687 1.237 

160 0.090 0.303 0.669 1.183 

Cohesion 3 

40 0.089 0.292 0.649 1.067 

80 0.097 0.310 0.693 1.233 

120 0.093 0.306 0.711 1.257 

160 0.090 0.304 0.688 1.194 

 Using the obtained results a new flow regime classification based on the Frmf was 

established as shown in Table 7.3. This new classification is proposed just for rolling, cascading 

and cataracting.  

Table 7.3. New flow regime classification based on Frmf values. 

Classification Froude Number Mod Transition 

Rolling 0.05 0.25 0.25-0.3 

Cascading 0.3 0.95 0.9-1.1 

Cataracting >0.95 - -  

 The continuous simulations presented in Chapter 4 (Figure 4.5) were evaluated using Frmf 

and the results are presented in Table 7.4. Results for the continuous mixing simulations present a 

perfect match between the visual behavior and the proposed classification using the Frmf. 
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Table 7.4. Modified Froude number for the continuous simulations 

Mixer 

Speed 
Cohesion 

Dynamic 

Angle 

Froude 

Number 

Modified Froude 

Number 

Visual 

Behavior 

50 RPM 

0 30.80 0.482 0.234 Rolling 

1 31.72 0.482 0.240 Rolling 

2 39.89 0.482 0.284 Cascading 

3 46.47 0.482 0.305 Cascading 

70 RPM 

0 34.25 0.944 0.508 Cascading 

1 37.37 0.944 0.545 Cascading 

2 36.22 0.944 0.528 Cascading 

3 48.72 0.944 0.652 Cascading 

 

7.1. Conclusions 

 The Froude number has been used to characterize and describe changes in the flow regime 

inside a drum mixer. This dimensionless number was used in the continuous tumble mixer and a 

modification that includes the effect of material properties was made. The dynamic angle of repose 

was used to add this effect in the Froude number and the results showed a proportional relationship 

between this angle and mass hold-up, mixer speed, and cohesion energy density.  

 Using a set of batch simulations, this modified Fr number was estimated and a new 

classification was proposed for the following flow regimes: rolling, cascading, and cataracting. 

Continuous simulations presented in Chapter 4 were evaluated using this modified Fr number. The 

obtained numerical and visual results showed an agreement in flow regimes (rolling and 

cascading).   
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Chapter 8 

8. Concluding Remarks 

Based on the experimental results, the low shear continuous tumble mixer is capable of 

producing powder blends with a high degree of mixing and low variability. Results demonstrate 

that powder phenomena occurring inside the mixer was similar to the batch tumble mixer and 

depended on flow rate, material properties, and operational parameters. The highest degree of 

mixing was reached using higher flow rates and 70 RPM. A behavior map was developed to select 

the appropriate operating conditions to establish a cataracting avalanche, which was the flow 

regime that produced the highest blend uniformity.   

 Simulations of the continuous mixing processes were performed using DEM software and 

these were validated using glass beads of 1 mm. Results confirmed that simulations show a similar 

behavior based on the avalanche shape, flow regime, and the velocity profile inside the mixer. The 

DOE of the simulations included two mixer speeds (50 and 70 RPM) and four different cohesion 

energy density levels. Similar to the experimental part, the uniformity was a function of the 

materials properties, mixer speed, and flow regime. The change in flow regime from rolling to 

cascading was a combination of the cohesion and the mass hold-up at constant mixer speed. Using 

simulations, a concentration profile at the exits of the tumble was demonstrated, with highest and 

lowest values at the exits closer to the bottom and top of the powder bed, respectively. A reduction 

in the variability inside the mixer and at the tumble exits was also found when the cohesion energy 

density values increased. The concentration profile at the tumble exits was attributed to a shortcut 

effect, where the particles leave the mixer without interacting with the particles inside the system.  

To reduce the shortcut effect, a new feed position was implemented to force the material 

entering the mixer to fall on top of the active layer. This design parameter reduces the probability 
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of the incoming material leaving the system without interacting with the material in the avalanche. 

The feed position was studied using experiments and simulations and the results demonstrate that 

the position at which the inlet material interacts with the active layer is crucial to reduce the RSD 

values for both, experiments and simulations with cohesion. This result was more noticeable for 

the blends with lower concentrations. Also, the new feed position promotes particle interaction 

and reduces the variability inside the mixer and at the mixer exits.  

Using the results of the simulations set, correlations between material properties, 

operational parameters, and mixing uniformity were established. A quadratic relationship between 

cohesion energy density and mass hold-up was found and mass hold-up was related to MRT with 

a linear correlation. A relation between cohesion energy density, collision frequency, and MRT 

was plotted against RSD2 and the results show a linear relationship. A new simulation was 

performed using 70 RPM and a cohesion energy density of 25,000 J/m3. The systems responses 

were predicted (mass hold-up, MRT, and RSD) using the proposed correlations and the percent of 

error was close to 6%. A methodology was proposed to minimize trial and errors in the 

experimental part using the correlations obtained with DEM simulations.  

Additionally, a modified Froude number (Frmf) was proposed to characterize and describe 

changes in flow regime inside drum mixers. The modification includes the effect of material 

properties by including the dynamic angle of repose into the traditional equation. The dynamic 

angle of repose was affected by mass hold-up, mixer speed, and cohesion energy density. A new 

classification was proposed for rolling, cascading, and cataracting using the results obtained with 

the Frmf. Continuous simulations were evaluated using Frmf and numerical and visual behavior 

showed an agreement in flow regime (rolling and cascading).  

(a) 

 

(b) 



112 

 

Finally, to obtain detailed information of the mixer behavior, simulations and experiments 

under the following conditions are suggested: different particles sizes and densities to study 

segregation, reduce the number of exits in the mixer to produce an increment in the mass hold-up 

and MRT, which will improve the final blend uniformity, and study the scale-up effect on the final 

blend uniformity using the same mixer with different dimensions. 
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Appendix A 

Effect of materials properties, mass hold-up, and mixer speed on 

flow regime 

 

Figure A.1. Effect of cohesion and mass hold-up on the shape of the avalanche at 30 RPM. 

 

Figure A.2. Effect of cohesion and mass hold-up on the shape of the avalanche at 50 RPM. 
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Figure A.3. Effect of cohesion and mass hold-up on the shape of the avalanche at 70 RPM. 

 

 

 

Figure A.4. Effect of cohesion and mass hold-up on the shape of the avalanche at 90 RPM. 

 


